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The reduction of dichromate to chromic ion has 
been studied in sulphuric and perchloric acid solu- 
tions, in connection with the possible use of dichrom- 
ate as a depolariser in a primary battery. Gold and 
pyrolytic graphite electrodes have been used. 
At a gold electrode the current increases rapidly 
to a limiting value. Potential-sweep experiments and 
electron diffraction studies indicate that the rate 
of reduction is controlled by the properties of 
surface film. The nature of this film is altered 
by potential and is also modified by addition of 
foreign anions. 
On a pyrolytic graphite electrode in perchloric 
acid, film deposition and modification again consid- 
erably modify the rate of reduction. In sulphuric 
acid solutions, however, the form of the current- 
potential curves obtained is not determined primarily 
by the properties of a surface film. Under these con- 
ditionB it was shown that dimeric CrVI species are 
reduced at more positive potentials than the monomeric 
species. The kinetics of the reduction of the mono- 
meric species has been investigated. 
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1. INTRODUCTION 
The aim of this research was to study the kinetics 
and mechanism of the electrochemical reduction of the 
dichromate ion to Cr III in acid solutions. In most of 
the work, graphite or gold was employed as the electrode 
material in solutions containing either perchloric or 
sulphuric acid as background electrolyte. In order to 
investigate the effect of dichromate concentration under 
conditions of constant ionic streng-(1h, the solutions 
employed were normally about 1M in background electro- 
lyte and between 10-4 and 10- 
2M 
in Cr VI. The effect 
of changing the H+ concentration was also investigatedp 
using background electx-olytes containing both the acid 
and its sodium or potassium salt to maintain constant 
ionic strength. The effect of additions of other 
foreign ions was studied briefly. 
Although t. here have been many previous studies of 
the reduction of dichromate, much of the published work 
has been concerned. with the mechanism of chromium plat- 
ing. The behaviour observed in the concentrated solu- 
tions (c. a. 3M in Cr VI) normally used in this process, 
is more complex than in dilute solutions. This complexity 
is mainly due to the formation of inhibiting films on 
the electrode surface. Other studies have been concerned 
with the processes occurring at a dropping mercury elec- 
trode in neutral and alkaline media. Relatively few 
papers report measurements under conditions comparable 
with those employed here. Reported studies in these 
1 
.2 
three composition ranges are discussed in separate 
sections below. 
At least five different chromium-containing species 
may be present in dichromate solutions, their relative 
concentrations varying with both the total concentration 
of Cr VI and the pH. A proper understanding of the elec- 
trode reactions occurring in such media necessitates a 
knowledge of these concentrations. The equilibria 
involved are discussed below. 
1.1 Species present in dichromate solutions 
The equilibria existing in acidic solutions of Cr VI 
1 
. 1-1 .7 have been studied by several workers With the 
exception of Neuss and Rieman 
1.1 
, who measured the hydrogen 
ion activity in dichromate solutions using a glass elec- 
trode, all other workers obta±ned the equ±libr±um constants 
by spectrophotometric methods. 
The equilibria believed to exist in perchloric acid 
solutions and the values of the equilibrium constants 
obtained are given in table 1.1. 
The evaluation of K3 from the results reported in 
references 1.4,1.5 and 1.6 may be made in two ways, 
depending on whether or not the protonation of Cr 207 
is taken into account. Unfortunately, there is no direct 
evidence for the presence or absence of HCr 20 7-* 
Bqui- 
librium constants (in terms of concentrations) based on 
the assumption that HCr 0 is not present are given in 27 
square brackets. 
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1.4 
The values of X1 and K3 reported by Neuss and 
Rieman 1.1 are not in agreement with those obtained by 
the more direct spectrophotometric measurements, and 
are therefore suspect. 
Haight et al. 
1.6 
have studied the molaomolecular 
Cr VI species present in solutions containing acids 
other than perchloric acid. In sulphuric, hydrochloric 
and phosphoric acids additional equilibria exist; these 
are listed in table 1.2. No new species were found in 
the presence of nitric or acetic acids. 
The concentrations of the Cr VI species present in 
both perchloric and sulphuric acid solutions are shown 
as a function of the total chromium concentration in 
Figs. 1.1 to 1.4. Figs. 1.1 and 1.2 both refer to 0.5 M 
H2 so 
4' 
in the former H Cr 207 was assumed to be present, 
while this species is ignored in the latter. Tables of 
the concentrations of the various Cr VI species in the 
solutions employed in the present work are presented in 
-Appendix 
I. ". -P 
The equilibrium constants used in calculating these 
concentrations were those of Tong and King 
1'4 
K1, K3 
and K4), Howard et al. 
1-7 (K 
2) and Haight et al. 
1.6 (K 
5 
Since K2 is very small, the concentration of CrO 4 
is 
3 
negligibly small in solutions where [H+] 10- M. This 
species has therefore been ignored in -the present work. 
1.2 Reduction in neutral and alkaline media 
Over the pH range 6.5-13, in dilute solutions of 
Cr VI (< 10- 
2 
M), the current-potential curve obtained 
1 
at a dropping mercury electrode may display up to three 
well defined waves and a pre-wave. 
In such solutions, the Cr VI exists almost exclus- 
ively as the ions CrO 4 and 
HCrO 
4 
Since the reaction 
HCrO 
4 ýý=! 
CrO 
4+H 
has a pK of 6.8, the CrO 4= 
ion predominates. 
1.8 
Lingane and Kolthoff , using a neutral, unbuffered 
KC1 solution, obtained three well defined waves corres- 
ponding to the reduction of Cr VI to Cr III, Cr II and 
Cr (0) respectively. The first wave (A), was preceded 
by a pre-wave which had the form of a rounded maximum, 
insensitive to the usual suppressors. Only wave A and 
the pre-wave need concern us further. The amplitude of 
the pre-wave, but not wave A, decreased as the solution 
was made more alkaline. The relative amplitude of the 
maximum decreased linearly with decrease in the chromate 
concentration. 
Lingane and Kolthoff considered that the pre-wave 
and wave A were in reality one wave corresponding to the 
reduction of CrO 4 to 
Cr III. The decrease in current, 
which gives the wave the appearance of a pre-wave and 
main wave, was attributed to inhibition of the reduction 
by a film of chromium hydroxide. While this suggestion 
explains many of. the observations it has a number of short- 
comings 
1.10 
; in particular the current oscillations did 
not show the irregularities which normally accompany film 
orma ion. 
1 
Green and Walkley 
1.9 
studied the reduction reaction 
in bicarbonate buffers over the pH range 6.56 to 12.50. 
On the basis of their results they offered two alterna- 
tive explanations of the observed phenomena. 
In the first, the polarogram is considered to con- 
sist not of a pre-wave and main wave but of two waves, 
the first of which has a maximum of a type not suppres- 
sible with the usual reagents. The plateau current of 
the first wave was independent of the height of the 
mercury column suggesting that it was kinetically con- 
trolled. Green and Walkley assumed that a singly charged 
anion would be more readily reduced than a doubly charged 
one at the negatively charged mercury surface. They 
therefore suggested that the first wave corresponds to 
the reduction of HCrO 4 
its concentration at the elec- 
trode being largely determined by the rate of the preced- 
ing chemical step 
CrO +H+ HCrO 4 (1 . 1) 
The second wave was attributed to the reduction of CrO 4 
The change in the relative heights of the -two waves with 
pH was readily explicable on this basis. 
The alternative explanation advanced by these authors, 
like that of Lingane and Kolthoff, is based on the assump- 
tion that the polarogram consists of only one wave, its 
distorted shape being attributed to electrostatic repulsJnn 
effects. Thus at potentials more negative than the maximum 
the curves, the mercury surface becomes negatively 
charged and exerts a repulsive force on the negatively 
1 
Oharged ejectroactive ion. This causes a reduction 
in 
the number of ions reaching the electrode surface and 
hence in the current. The electroactive ion was still 
considered to be the HCrO 4 
ion, produced by a preceding 
chemical step as described previously. 
In a detailed study of the reaction, Gierst et al. 
1.10 
confirmed many of the previous findings. They concluded 
that the mechanism is probably a combination of the two 
mechanisms suggested by Green and Walkley. Thus the pre- 
wave probably corresponds to the reduction of HCrO 4 
produced by the preceding chemical step of equation (1.1). 
The maximum in this pre-wave appears to be the result 
of double-layer effects. The CrO 4 ion is specifically 
adsorbed on the mercury surface but the amount adsorbed 
decreases as the potential is made more negative. Since 
the HCrO 4 3-on can be produced 
from both adsorbed CrO 4 
and CrO 4 in the solution, a decrease 
in the amount of 
adsorbed CrO 4 would lead to a decrease 
in the current. 
The main wave was attributed to the reduction of the 
CrO 
4 
':::! by a slow electron-transfer process. 
None of the foregoing explanations, however, will 
account for all the experimental results on the maximum 
in the pre-wave. In particular the maximum current can 
be considerably higher than that predicted from the 
Ilkovic equation. 
I Further studies of this reaction 
1.1111.12 
have essen- 
tially confirmed the mechanism suggested by Gierst et al. 
Some further complexities have however been noted. It 
1 
has been shown, for example, that whereas the maximum 
observed in unbuffered halide solutions is unaffected 
by gelatin, that observed in buffer solutions is sup- 
pressed by the addition of gelatin. 
It appears therefore that the main processes 
occurring in these solutions are: 
1) The initial reduction of HCrO 4, 
its concen- 
tration at the electrode being determined by the rate 
of the preceding chemical step 
cro 4 
2- 
+H+= HCrO 41 
occurring both in the solution and also involving 
Cro 
4 
2- 
adsorbed on the electrode surface. 
2) The subsequent reduction of CrO 4 
2- 
, by a 
slow electron transfer process. 
1 
1.3 Reduction in acid solutions 
The behaviour observed in acid dichromate solutions 
depends upon the relative concentrations of CrVI and 
added acid, the nature of the acid, and the electrode 
ma er3. a used. 
Pure chromic acid solutions 
When foreign acids are either wholly absent or 
present in very small concentration, the reduction pro-- 
1.13 
cess is seriously inhibited at all metal electrodes 
Thus, for example, with platinum and goldl . 
14,1,159 
although their open circuit potentials are close to the 
equilibrium potential for the reaction 
H CrO + 6H+ +e Cr3+ + 4H 0, Eo =1 . 36 V 242H 
no significant current flows on cathodic polarisation 
until the potential is approximately -0.4 V. The pro- 
cess occurring under these conditions is almost exclus- 
ively hydrogen evolution. At very negative potentials 
small amounts of oxygen-containing chromium (black 
1 
. 
13 
chromium) is produced 
It is generally accepted that this inhibition of 
dichromate reduction is caused by the presence of a 
film of some chromium compound. The nature and proper- 
tier. of this film are, however, incompletely understood. 
It 1.14 Muller suggested that the film was an insoluble 
and unreducible chromi-chromate, which resulted from 
reaction between the cathodically-produced lower valent 
chromium ions and CrVI. He also postulated that the 
film was semi-permeable, allowing H+ and H2, but not 
1.10 
chromic acid, to pass through it. This view received 
considerable support 
1916yl. 17 
but little experimental 
evidence was available until more recently. 
Evidence for the existence of a film on gold 
electrodes has been provided by double-layer capaci- 
tance measurements1.15. Potentiostatic. current-time 
curves'. 
15,1 
'18 have also shown that with gold and 
platinum an initial layer, 1-2 molecules thick, is 
produced very rapidly. This conclusion has been con- 
firmed from galvanostatic, potential-time curves 
1.19 
V 
which also showed that reduction of the noble metal 
oxide preceded formation of the film. 
Gerischer and Ka'ppell-15 found that under constant 
potential conditions, the film on gold thickens slowly. 
Electron diffraction patterns were obtained with suf- 
ficiently thick films. Although the patterns were not 
characterised, they showed that the structure and 
chemical composition of the film depend on the potential 
at which it is formed. 
These thick films were shown to be impervious to 
mercury and to possess high electronic conductivity. 
Unfortunately, the range of potentials over which 
conducting films are formed was not reported. Since 
4 the potential of the layer-covered electrode varj_ed 
with the partial-pressure of oxygen, it was concluded 
that the layer probably consists of chromium oxides. 
If a mixture of valency states is present, as is likely 
over at least part of the available potential range, 
1 
. 11 
the layer would be expected to show semiconducting 
properties and hence a low electrical resistance. 
Gerischer and Kappel argued that because the 
current-time transients indicated that the layer was 
formed rapidly, any holes would be expected to be 
closed quickly and hence the layer is unlikely to 
be semi-permeable. They consider that the fact that j 
the layer inhibits the reduction of CrVI but still 
allows hydrogen evolution to occur is consistent 
with the established selectivity of semiconductor 
electrodes toward electrode reactions. 
Relatively few studies have been made of the film 
1.21 
produced on non-noble metals. Sysoev et al. , using 
chemical analysis, showed that the films formed on 
copper and stainless steel consist essentially of only 
Cr(OH) 
3" This conclusion receives support from the 
electron-diffraction studies 
1.22 
of the films formed 
Cv-(0#4)3 
on Fe, Ni, Cr, Cu and Ag, where only-4T-O !ý could be 
detected. Since, however, these films were produced 
at high current densities they were presumably formed 
at very negat3. ve potent-ials where almost complete 
reduction of the film to Cr(OH) 3 
is to be expected. 
Indeed Sysoev et al. observed that a thin layer of 
metallic chromium was always formed beneath the film. 
It is of interest that the films produced by 
Sysoev et al., on an iron electrode, were not permeable 
to Walkers reagent and that no pores could be detected 
at a magnification of x49500. The films were only slowly 
1 
. 
12 
dissolved by mineral acids at room temperature but 
when heated to 80-900C were dissolved by 6N H2 so 4* 
Graphite electrodes behave very differently from 
metals. Potential-sweep measurements 
1.15 
show that 
the current rises steadily from BH1.20 V reaching 
a maximum value of about 500 mA cm at 0.50 V. 
Severe inhibition of the reduction reaction occurs 
near 0.0 V but the initial activity is regained at 
about 0.70 V on the return sweep. These results have 
been largely substantiated in galvanostatic experi- 
1.23 
ments When high current densities were employed 
'fered complete the reduction process rapidly suf 
inhibition, the potential falling to a value charac- 
teristic of hydrogen evolution. At lower current 
densities the reduction process occurs at potentials 
in the neighbourhood of 1.0 V. Even under these con- 
ditions, however, some inhibition of the reaction is 
-2 apparent. Thus at a current density of 20 mA cm the 
potential fell from an initial value of 1.20 V to 
1.00 V after a period of about seven minutes. Since 
this'partial inhibition was removed by mild anodic 
polarisation or by resting on open circuit, but was 
produced by strong anodic polarisation in either chromic 
or sulphuric acid solutions, it was attributed to a 
change in the state of the surface oxides on the carbon. 
No explanation for the marked difference in 
behaviour between metal and graphite electrodes seems 
to have been suggested. 
1 
. 13 
1.3.2 Solutions containing "forcign" anions 
The reduction of CrVI to CrIII and ind&ed to 
metallic chromium is possible on metal and carbon elec- 
trodes in chromic acid solutions containing foreign 
anions. A wide variety of anions, including 
1.16,1.20 
sulphate, chloride, fluoride, borofluoride, silico- 
fluoride, nitrate and perchlorate, has proved to be 
satisfactory in this respect. The dý--tailed behaviour 
observed depends upon the nature of the foreign anion, 
the relative concentration of chromic acid and added 
anion, the pH and the nature of the cathode. 
Most of the reported work has been concerned with 
solutions containing chloride, sulphate and perchlorate. 
Since in the present work detailed studies were made 
only in the presence of the latter two speciesq the 
following review is restricted to investigations 
involving these solutions. Gold and carbon electrodes 
were used in the present work because the reduction of 
CrVI to CrIII occurs most readily on these materials. 
Previous studies with these electrodes are described 
in detail later. A general account of the reduc- 
tion process is given below. 
The reduction process in general 
The current potential curves obtained with metallic 
electrodes, in chromic acid solutions containing sulphate 
or perchlorate, are not continuous, but, as first shown 
by Liebreich 
1.24 
may consist of up to four branches 
(Fig. 1.5). Under potentiostatic conditions these 
1 
. 14 
branches are separated from one anothor by limiting 
current regions, generally followed by current minima. 
The processes occurring in the four branches are 
believed to be: 
Branch I- reduction of CrVI to CrIII; this branch 
is not observed with all metals. 
Branch II - reduction of CrVI to CrIII 
Branch III - hydrogen evolution, possibly accom- 
panied by reduction of CrVI but 
without chromium deposition. This 
stage is observed only with metals 
such as Ft and Fd which have a low 
hydrogen overpotential. 
Branch IV - chromium deposition accompanied by 
hydrogen evolution. 
Since,. irrespective of the electrode material 
employed, the final stage occurs on a chromium surface, 
this stage of the reduction occurs over the same poten- 
tial range with all metals. It begins at about EH= 
-750 mV. The potentials at which the other branches 
occur depend upon the nature of the metal used. 
Weiner 
1.17 
has pointed out that the potentials 
at which the second branch of the curve occurs are in 
the same order as the electromotive series ofthe metals 
employed. He considers that, because of the high poten- 
tial of the CrVI/CrIII couple, all metals will undergo 
anodic dissolution to some extent when immersed in a 
chromic acid solution. Since cathodic polarisc-, tion will 
1 
. 15 
destroy any passivating films produced by the chromic 
acid, cathodic deposition of the metal ions will be 
the main potential-determining reaction. The potential 
should therefore be close to that of the metal/metal ion 
couple involved. Weiner also points out that the first 
branch of the curve is obtained only with those metals 
which have more than one stable oxidation state. 
Kabasakaloglu and Uneri 
1.25,1.26 
, found that with 
Ft, Rh and Ir electrodes in sulphate containing solu- 
tions, the reduction of CrVI occurred at the potential 
where the surface oxide on the metal was reduced. 
Okada et al. 
1.19 
have also shown that reduction of the 
surface oxide on Ft and Au occurs prior to reduction 
of CrVI. With these metals, therefore, the first 
branch of the current-potential curve probably occurs 
close to the potential at which reduction of their 
surface oxides begins. Weiner recognised this possi- 
bility and his views, as presented above, refer to bare 
metals. 
The termination of each of these first three stages, 
and the subsequent current minima, apparently result 
from the formation of passivating layers on the electrode 
surface. The nature of these layers has been discussed 
frequently but experimental work on their structure and 
content is not extensive. Furthermore, much of this 
work has been carried out under constant current con- 
ditions,, the potential often varying with time during 
the experiments. 
1 
. 16 
With silver, nickel and chromium in sulphate 
containing solutions the nature of the layer formed 
under constant current condit-J"Lons varies w-Lth the 
duration of the electrolysis 
1.27. 
Electron microscopy 
showed that a thin (0.02 4) coherent film is first 
produced, presumably during the second branch of the 
curve. Continued polarisation, probably resulting in 
the potential shifting to the third branch of the 
curve, causes the development of larger crystallites 
in this layer until eventually almost the whole elec- 
trode surface is covered with a thick (0.1 ýL) but 
porous layer of crystals. Electron diffraction 
studies'. 
17 
have shown that the electrode metal is 
present, at least to a small extent in these films. 
Similar results on iron have been reported by 
Saiddington and Hoey 
1.28 
using optical microscopy. 
They detected an amorphous film formed during the third 
branch of the curve; at more negative potentials, where 
chromium deposition begins, this film disintegrates and 
is replaced by a viscous layer which may consist of a 
colloidal suspension of solid particles. The rate of 
formation of the amorphous film was greater the lower 
the concentration of sulphuric acid. This suggests that 
the film results from the solution near the electrode 
becoming more alkaline. The formation of an amorphous 
film on steel has also been observed by Okada and 
1 
. 29 Yamamoto a 
In a fairly comprehensive series of experiments 
1 
. 30 SolovIeva et al. analysed the layers formed on 
1 
. 17 
chromium plated copper. Solutions containing different 
amounts of CrO 3 and sulphuric acid were employed and 
the layers were formed at a current density of 250 or 
500 mA cm -2 . The potential was not stated, 
but it 
must have been more negative than EH=- 400 mV 
1.16 
In contrast to the film formed in the absence of sul- 
Phuric acid 
1.21 
, which was thin and dissolved only 
in 
concentrated acids, the films produced in sulphate 
containing solutions were thick and dissolved easily 
in dilute chromic or sulphuric acid. These latter 
films contained CrVI, CrIII and S02- the relative 4' 
amounts varying with the solution composition and 
current density. 
It appears therefore that with the non-noble 
metals the nature of the film on the electrode surface 
varies with the solution composition and the electrode 
potential. In the absence of added anions a thin 
unreactive film is formed, the ratio of CrVI to CrIII 
in this film decreasing as the potential is made more 
negative. In the presence of sulphate three types of 
film appear to be formed. At more positive potentials 
a non-porous thin film is formed akin to that produced 
in the absence of sulphate. At more negative potentials 
the film is porous, thick and easily dissolved. It con- 
tains sulphate ions as well as CrVI and CrIII, their 
relative proportions depending on the solution compo- 
sition and electrode potential. At potentials where 
deposition of chromium occurs this latter film becomes 
replaced by a viscous, possibly colloidal layer. 
1.18 
Reduction on a gold electrode 
The detailed form of the current-potential curve 
obtained with a gold electrode in solutions containing 
perchloric or sulphu-ric acid depends on the ratio Of 
the concentrations of chromic acid and the foreign acid. 
Whenever measurable currents flow, howeverp all four 
branches of the current-voltage curve may be observed 
in quasi-steady state measurements 
1.13 
. 
The potentials 
at which the steeply rising sections of the curves occur 
depend somewhat on the composition of the solution. The 
first branch occurs near to EH= 1200 mV in 3M CrVI, 
0.01 MH2 so 
4 
1.16 
and as shown by Okada et al. 
1,19 
may 
well correspond to the reduction of the surface oxidn 
on the gold. It has not, however, been studied in any 
detail. 
The second branch has received much more attention. 
The potential at which it occurs and its shape depend 
upon the concentrations of both the chromic and foreign 
acid. In sulphuric acid solutions containing excess 
chromic acid 
1.13 
this stage begins in the neighbourhood 
of 600-700 mV. After reaching a maximum value the cur- 
rent decreases and', depending on the solution composition, 
may fall almost to zero. Clearly some type of passivating 
layer is produced under these conditions. The maximum 
current obtained in such solutions is linearly dependent 
on the concentration of sulphuric acid employed, showing 
that it is limited by the rate of diffusion of sulphuric 
acid to the electrode 
1.13 
. This linear relations'-aip, 
1 
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however, extends only over a limited range of sulphuric 
acid concentrations. Thus with 0.3 M CrO 3' the linearity 
is maintained up to about 0.1 MH2 so 4; 
further increase 
in the sulphuric acid concentration causes the current 
to pass through a maximum value (in 0.5 MH2 so 4) and 
then decrease slowly 
1.13 
. Perchloric acid 
is much less 
effective in promoting the reduction than is sulphuric 
acid, no significant current being observed in 0.3 M 
CrO 3 until the perchloric acid concentration is 
1.5 M. 
The current reaches its maximum value in 2M HC10 4p 
decreasing again with further increase in HC10 4 concen- 
1.13 
tration 
When excess sulphuric or perchloric acid is 
employed, the current reaches a limiting value and 
remains at that value over a fairly wide potential 
range. Thus with 1MH2 so 4' containing 
0.016 M CrO 3' 
this plateau extended from BH= 800 to 50 mV. As the 
Cro 3 concentration was increased the length of the 
plateau decreased and it was terminated by a sharp fall 
in the current, indicating that passivation was again 
occurring. The magnitude of the limiting current 
increased linearly with chromic acid concentration up 
to 0.24 M CrO 3 in 1MH2 so 4 
1.20 
, but only up to 0.1 M 
CrO 3 
in 0.1 MH2 so 
4' Although a narrower range of 
conditions was employed, solutions containing HC10 4 
behaved in a very similar manner. The slope of the 
limiting current/CrO 3 concentration relation was the 
same for both solutions, showing that this plateau- 
1 
. 
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current is limited by the rate of diffusion of CrO 
to the electrode surface. 
Nature of the layers formed on-gold electrodes 
To explain the discontinuous nature of the current- 
potential curve, Reinkowski and Knorr 
1.16 
suggested 
that the reduction process involves the participation 
of a surface film. Their theory is a modification of 
that suggested earlier by Liebreich 
1.24 
. They postu- 
late this film to be produced, in the first instance, 
by reduction of CrVI and oxidation of the electrode 
material. When formed in the presence of foreign 
anions, this film is capable of further reduction; 
the reduced form is presumably re-oxidisable by CrVI 
with the formation of CrIII. As the potential is made 
more negative the rate of film reduction will increaser 
whereas its rate of re-oxidation becomes limited by the 
rate of supply of CrVI. A given stage in the current- 
potential curve ends when the rate of reduction of the 
film exceeds its rate of re-oxidation. The existence 
of subsequent branches in the current-potential curve 
is attributed to the film adopting different oxidation 
states with change in potential. 
11 
Pell . 
15,1 . 31 Gerischer and Kap also suggested that 
the reduction process involves participation of the 
surface film. Their evidence for the existence of a 
film in the absence of foreign anions has been presented 
in Section 1.3-1. Since the double-layer capacitance 
behaviour of the electrode and its resistance to 
1 
. 
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amalgamation were unaltered by the presence of sulphate 
ions., they infer that a similar film is again present. 
These authors propose that the reduction occurs in 
two steps. The first step involves the rapid formation 
of an oxide layer according to the reaction, 
1H+ 
HC r207- + me- CrOb - m) +xH201.2 
2 ads 
the composition of this layer depending on the potential. 
In the absence of foreign anions no further reaction is 
possible, whereas in their presence a second step occurs. 
This involves reduction of the oxide layer, with the 
assistance of the foreign anions, through a soluble 
chromium complex to CrIII, the oxide film being contin- 
uously regenerated according to equation 1.2. The 
shape of the current-potential curve is attributed to 
the fact that the oxide layer participates in the elec- 
trode reaction and suffers modification as a conse- 
quence of changing the potential. In contrast to 
Reinkowski and Knorr, Gerischer and Kappel do not 
suggest that the nature of the oxide film is altered 
by the presence of foreign anions. 
Fiegl et al. 
1.13,1,20 
suggest that in the presence 
of foreign anions a passivating layer of the type found 
in pure CrO 3 is produced only between +1300 and +800 mV. 
At more negative potentials a porous film of limited 
thickness is produced, which allows the reduction reac- 
tion to occur. 
1 
. 
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Fiegl and Knorrl. 
13 
observed the formation of a 
red-brown layer on the electrode at the beginning of 
the falling section of the second branch (-n 0.3 M CrO 3' 
3x 10-3 MH2 so 4 
). The composition of this layer 
(produced in 3M CrO 3' 0.5 MH2 
so 
4) was investigated 
using spot tests and found to consist of chromium III- 
chromate. Analysis of the solution showed the presence 
of a hexa-aquo CrIII complex and two sulphate--free 
chromium complexes, probably containing hydroxyl groups. 
The formation of these basic CrIII complexes is presum- 
ably due to depletion of H+ at the electrode surface. 
Since these CrIII hydroxy-complexes are precursors in 
the formation of CrIII hydroxide, they must play an 
important role in layer formation at the cathode since 
the latter species polymerise in aqueous media and can 
react with chromate ions to form the chromi-chromate 
complex. 
Since the limiting current density of the second 
stage was proportional to sulphuric acid concentration, 
the magnitude of this current must depend on the rate 
diffusion of SO 4 
2- 
to the electrode. 
These observations led Fiegl and Knorr to suggest 
that H2 so 4 
(and other foreign species) can exert two 
effects on the layer. 
(i) If they are acidic they will increase the H+ 
concentration and thus inhibit the formation 
of the basic CrIII hydroxy-complexes. 
1 
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(ii) If the anion is capable of forming a complex 
'll again deplete the con- with CrIII it wL 
centration of the CrIII hydroxy-complexes. 
Supporting evidence for the dual role of the 
foreign species was obtained from cow-paring the behav- 
iour of HC10 4 and 
H2 so 
4' 
The concentration of HC10 
required to obtain a given current was much larger than 
that of H2 so 4* 
This is consistent with the fact that 
Clo 
4 
does not complex with CrIII and hence the sole 
effect of adding HC10 4 
is to increase the acidity of 
the solution. 
Direct evidence as to whether or not the layer is 
'1 1 . 15 porous is not available. Gerischer and Kappel 
showed that the film prevented amalgamation of the gold 
by mercury, but this may mean only that the pores have 
too small a diameter to allow penetration of the mercury. 
Weiner and Schiele 
1.27, 
using metals other than gold, 
have shown by electron microscopy that the layer formed 
at potentials negative to that corresponding to the 
mc-4. ximum of the second branch is porous. In order to 
explain the effects produced by adding reducible metal 
ions to chromic acid solutions, Fiegi, Kandler and 
Reinhold 
1.20 
found it necessary to assume that the layer 
produced on gold is porous. Addition of Fe 2 
(so 
4)3 to 
1M Cro 
3 caused an increase in the current in the rising 
section of the second branch, i. e. between EH +750 to 
+300 mV, attributable to the reduction of Fe 
3+ 
At 
potentials negative to the current maximum, however 
1 
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i. e. +300 to -300 MV, the presence of F03+ resulted 
in 
a lower current than that observed in the presence of 
an equivalent amount of Na 2 
so 
4* 
When the electrode was 
held at -250 mV, addition of Fe 
3+ 
or Cu 
2+ 
to the solu- 
tion caused a decrease of 15 and 10ýo respectively in 
the current. Addition of Ag 
+ 
under the same conditions, 
however, caused an increase in the current proportional 
to the amount of Ag 
+ 
added. Similar results were 
obtained earlier by Kolthoff and Shame El Din 
1.18 
. 
Fiegl et al. attributed the lower currents to precipi- 
tation of Fe(OH) 3 or 
Cu(OH) 
2 in pores in the surface 
layer. Since many H+ are consumed in the reduction of 
CrVI according to 
H2 CrO 4+ 
6H+ + 3e ---) Cr 
3+ 
+ 4H 20 
a rise in pH at the electrode surface and within the 
pores would be expected. These workers argued that if 
the pH of the solution in the pores was between 6.1 and 
8.9, precipitation of Fe(OH) 3 and 
Cu(OH) 
2 would occur, 
it 1 . 15 but not that of AgOH. Gerischer and Kappel . however, 
argued that results of this type can be explained on 
the basis of the established selectivity of semicon- 
ductor electrodes toward electrode reactions. 
In connection with Fiegl and Knorrs' suggestion 
that added foreign species play a dual role in promoting 
the reduction of CrVI, it is of interest that the reduc- 
tion of Fe 
3+ 
could not be observed in the potential range 
+1100 to -250 mV in solutions of Fe(ClO 4)3 in 1M CrO 3* 
1 
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This indicates that C10 4-, in contrast 
to SO 4 
2- 
. does 
not prevent the formation of a passivating film. 
Confirmation 1.20 that chromi-chromate rather than 
Cr(OH) 
3 would be deposited on the electrode 
in the pH 
range 6.1 to 8.9 was obtained by titrating (a) Cr 2 
(so 
4 
and (b) Cr 2 
(so 
4)3+ 
CrO 
3 
(mole ratio 1: 1) with NaOH. 
The titration curve obtained with solution (a) showed 
a plateau in the pH range 5 .5 to 5.8 resulting from 
the precipitation of Cr(OH) 3' 
With solution (b) the 
plateau lay between pH 6.0 to 6.4 and a precipitate, 
presumably of chromi-chromate, was produced; no pre- 
cipitate of Cr(OH) 3 was obtained at lower pH values. 
It follows therefore that the CrIII ion must be com- 
plexed by chromate to give a soluble complex which 
would be precipitated under the conditions of pH 
existing at the electrode surface. 
A different view as to the role of foreign anions 
has been presented by Weiner 
1.17 
who has suggested that 
the film is formed less readily in the presence of 
foreign ions because of the increased solubility of 
the film-forming material. Consequently, the film is 
produced only when the rate of formation of the film- 
forming material is high and the concentration near the 
electrode exceeds the solubility of the material. 
It is generally agreed, therefore, that in pure 
CrO 3 solutions the reduction of CrVI is inhibited by 
the presence of a surface film. This film appears to 
be an oxide, containing chromium in a variety of valence 
states and has high electrical conductivity. 
1 
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In the presence of foreign ions the same film 
probably exists over the potential range +1300 to +800 mV. 
At more negative potentials the film either dissolves 
1.17 
undergoes modification, allowing the reduction of CrVI 
to occur'-13,1.16,1.20 , or is able to take part in the 
electrode reactionl-15 0 
Reduction on a carbon electrode 
Very little work on the reduction of CrVI on carbon 
electif-odes has been reported. Sternberg and Bagotskii 
1. 
. 
23 
obtained potential-time curves for the reduction of CrVI 
under galvanostatic donditions. The solutions employed 
were normally 0.5 M in H2 so 4 and between 0.5 and 7.0 M 
in CrO 3; additions of other salts were made to some 
solutions. At a current density of 20 mA cm- 
2 the 
initial potential was always in the neighbourhood of 
EH : *: +1200 to +1300 mV. The value of this potential 
was made more positive by increasing either the CrO 
or the H+ concentration. The potential remained in 
this neighbourhood for a time which depended on the 
solution composition, subsequently falling to a lower 
value which was constant over the duration of the 
experlment, The authors termed this fall in potential 
"partial passivation". In no case, however, was this 
lower potential below BH= +950 mV. The upper plateau 
was longer the greater the CrO 3 or H+ concentration. 
In a solution containing 3M CrO 3' 0.5 MH2 so 4 
the addition of 4.5 gm equiv. 1- 
1 
Cr 
2 
(so 
4)3 virtually 
eliminated the upper plateau, the potential falling 
1 
. 27 
within two minutes to approximately +1000 mV. Additions 
of equivalent amounts o: 6 Na 2 
so 
4 or 
NaClO 
4 also shortened 
the upper plateau, but to a lesser extent, the potential 
again falling to approximately +1000 MV. 
Since the addition of CrIII had no effect on the 
potentials of the upper and lower plateaux, Sternberg 
and Bagotskii argued that the fall in potential is not 
due to the formation of a layer of a sparingly soluble 
CrIII compound. This conclusion is perhaps questionable 
since the fall to the lower plateau occurred more rapidly 
in the presence of CrIII. 
These workers attribute the phenomenon of partial 
passivation to a cha3age in the state of the oxide layers 
on the electrode surface. This is consistent with their 
observation that all factors which increased the poten- 
tial of the upper plateau also increased its length. 
Further evidence supporting their interpretation was 
obtained from the results of experiments involving pre- 
treatment of the electrode. Previous cathodic polaris- 
ation of the electrode in CrO 3 solution, followed by a 
short period on open circuit, resulted in the disappear- 
ance of the upper plateau on subsequent polarisation. 
The normal behaviour of the electrode was restored, 
however, after a long period on open circuit. If, 
instead of resting the electrode on open circuit, it was 
subjected to "slight" anodic polarisation, its normal 
behaviour was rapidly restored. Prior "strong" anodic 
polarisation, even in pure H2 so 4' produced a partially 
1 
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passivated electrode. Such an electrode apparently 
could not be reactivated. These results were inter- 
preted by suggesting that in its active state the 
electrode is covered by one form of oxide which grad- 
ually undergoes a change of state on cathodic polarisation. 
This produces a change in the mechanism of reduction of 
CrVI. Resting on open circuit or "slight" anodic 
polarisation restores the oxide to its initial con- 
dition. 
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CHAPTER 2 
THEORY 
2.1 Basic Electrode Kinetics 
Considering the simple electrode reaction 
ne 2.1 
in which, the rate determining step and the overall reaction 
are one and the same p-rocess-. When 0 is being consumed, 
the transport of 0 from the bulk of the solution to the 
electrode surface and trans, port of R from the electrode 
to the bulk must also occ-ur. The rates of these mass 
transfer processes can influence the rate of electrode 
reaction (as will be discussed later). For the present 
it will be assumed. that the solution is stirred suffic- 
iently rapidly for the surface and bulk concentrations 
to be effectively equal. 
Under these conditions, the dependence of the current 
for the reduction reaction on electrode potential can be 
2.1 
derived using the Transition State Theory Providing 
that the total concentration of the solution is reason- 
ably high, so that double-layer effects may be ignored, 
this leads to the relatIons Ip 
nFA (k cb exp_ýýE - k_ cb exp 
1-S)nFE 2.2 
10 RT 1R RT 
In this expression A is the area of the electrode, 
the k's are the rate constants for the forward and reverse 
bb 
while c and- cR are the concentrations of 0 and 
R respectively in the bulk of the solution. p is the 
2.1 
sYmmetry factor for the cathodic reactiong n the number 
of electrons involved in the reaction and B the potential 
of the electrode with rek-pect to the reference electrode. 
When the rate determining ste'p and the overall reaction 
ax-e not the same, but the reaction is still first order 
3-n and 0, this expression becomes, 
riF A (k cb exp - 
an a 
FE 
-kcb exp 
(1 
-a)n a 
FE 2.3 
.10 RT 
1R 
RT 
I 
Here, a. the transfer coefficient is related to 
but unlike the latter quantity is not limited in its range 
of possible values. na= 
n/v 
, where v, the stoichio- 
metric number, is the number of times the rate determining 
step must occur for the transfer of n electrons in the 
overall process. 
At the reversible potential, the two terms on the 
R. H. S. of Equation 2.3 are equal. When the potential is 
sufficiently negative to the reversible value, however, 
(c. a. 60 mV) the second exponential in Equation 2.3 becomes 
much smaller than the first, so that it may be ignored. 
Making this approximation and taking logarithms gives 
log i log nFAk cb- 
an 
a 
FE 2 A, 
10 
RT 
corresponding relation applies to the anodic process. 
This is the Tafel equation; its use alloi-, -s the values of 
nFAk cb and m-1 to be obtained from a graph of log i against 0a 
the potential. 
2.2 
2.2. Influence of 
Up to the present it has been assumed that the solu'L, -',. on 
was sufficiently well stirred so that the surface and bulk 
concentra"Lions are effectively equal. This wiý-l be true 
Only for very slow electrode reactions. In general the 
f ol. -Lowing mechanism will apply 
0b02.5 
0+R2.6 
Rb2.7 
where the subscript b refers to the bulk of the solution 
and sx-efers to near the electrode surface (but still at 
the poten-L. ial of the bulk). 
When a net reduction, reaction occurs, 0 is consumed 
and R produced 
cb and cb 0 
where the superscripts s and b refer to the surface and 
bulk respectively. The values of cs and cs will depend 0R 
on the current. 
Since the rate equation, at s-afficiently negative 
potentials, should now be written as 
nFAk cs exp -ocn FE/RT 10a 
or 
'/cB 
nFAk exp -an FE/RT 01a 
2.8 
the value of cs must be evaluated before a meaningful 0 
Tafel plot can be constructed.. 
2.3 
The movement of reactants and products to and from 
the electrode can occur by three main processes; 
(1) migration, if charged species are involved, 
convection, due to mechanical stirring or 
thermetl gradients, 
diffusion, as a result of concentra-Cion 
g-radierits. 
Migration is Unimportant when there is a large con- 
centration of inert electroactive ions in solution. 
Natural convection is difficult to treat theoretically 
and to control experimentally and is t1ieref o--re normally 
minimised by controlled stirring. When a reproqucible 
f orm of sti-r-ring is used and the solution contains an 
excess of inert electrolyte mass transport occurs as a 
result of forced convection and diffusion. 
Assuming that diffusion provides the sole means of 
mass transport and that steady-state conditions prevail, 
the rate of siapply of material, to unit area of the elec-- 
trode surface from the solution, is obtained from Fick's 
2.2 
first law as 
x=0 
0D2.9 
6c 
where TX is the concentration gradient in the solution, 
j the f--lux to the electrode, 
D the diffusion coefficient of the species 
concerned 
r 
-and x the 
distance from the electrode surface. 
2.4 
Since 
'(Lc- 
is the limiting slo-pe of the relation ýIy- 
0 
between concentration and distance, we can write 
bS 
6C C0C02.10 
T-7, 
)x=0 
where is the thickness of an imaginary layer called 
the dj,. f: F'us5. on layer. 
Uridc, --;, steady-state conditions , the rate of supply 
of material (i. e. the flux) is equal to its rate of con- 
sumption in the electrode reaction 
0i2.11 
nPA 
From Equations 2.9,2.10 and 2.11 we can obtain 
i-I r0ul 
A-D (cb_c S) 2.12 
The value of 6 depends on the geometry of the 
electrode, or when stirring (i. e. forced convection) is 
employed on the type and rate of stirring. When the 
rotating disc is used- 5 depends on a number of experi- 
mental p, ý)-. ra, meters. 
2.3 The RotatinE Disc Electrode (R. D. E. ) 
The R. D. E. offers a very reproducible form of stir-- 
ring and satisfies -Lhe following important requirements: 
(a) The current is steady with time, that is a 
steady rate of stirring is provided. 
(b) The rate of supply of material (i. e. the flux) 
is uniform over the electrode surface. 
(c) The thickness of the "diffusion layer" and 1-ts 
dependence on the rate of stirring is known. 
2.5 
2.3 
Levicl--! has shovm theoretically that the diff-usion 
layer thickness is given by 
, 
V3 ý,,, 
-ýz 
kD vw 2.13 
wl)ere D the diffusion coefficient of the species con- 
SIdered, v the kinematic viscosity of the solution and. w 
the angul, ý: j.: i- velocity of the electrode (radian ,:; c-, c -1 ). 
2 -1 visc2Lj. LZ 
(poise) 
v is defined as v/cm s density (g cm-D) 
Gregory and Riddiford 
2 .4 evallzated k as: 
D0 36 k=1.6125 + 0.5704 
2.14 
2.15 
The F. -, econd term in 2.15 is normally small compared 
with the f3j. rst, and may usually be neglected so that 
2.13 simplifies to 
1 . 
61 Dv6w, 2.16 
Combining 2 . 
12 and 2 . 
16 we get 
b 72 
i=0.620nFAD-'v L-(c 
0-c 0) 
w 2.17 
which may be conveniently rewritten as 
i 
ý- b S) 
= Bw/; ý(c 0-c02.18 
ýy I/ 
where B 0.620 n-FAD 
3v -/ 0 
When the current is diffusion limited, cs=0 and 0 
therefore Equation 2.18 becomes 
i : -- Bw cb d. 0 
2.19 
where id is the diffusion limited ourrent. Combination 
of Eq-LLation,, -; 2 . 
18 and 2 . 
19 gives 
2.6 
b 
c 
0 
2.20 
allowing c to be calculated from a knowledge of id, i and 
b 
C0 
It also follows from Equation 2.19 that a graph of 
11 Vý 
either /i 0- against 
/w2 or of id against w" should be 
linear and pass through the origin. It also follows that 
b/, 
Plots of C- aga. Lnst 
1/w, 
ýý corresponding to diff-erent od 
bulk concentrations should superimpose. 
2.4 Determination of reaction ordei, - 
For a reaction of order p with respect to the oxidised 
species, which can be studied at potentials where -the 
reverse reaction is uninyportant, we have 
i= nIl'Ak (cs) 
p 
exp-an FE/RT 10a 
Consequently, at constant electrode potential, 
log i log k+p log co 
. 
2.21 
0 
s 
where k1:: -- nFAk 1 exp-an a 
FE/RT. Since c0 may be evaluated 
from Equation 2.20, a graph of log i against log cs allows 0 
the reaction order to be determined. 
2.5 ýLauses of -olateaux and inflexions 
The foregoing treatment applies to the situation 
where the current-voltage relation is a smooth curvel the 
current finally becoming limited by the rate of diffusion 
of the reactant. Since a limiting current can also result 
from causes other than diffusion limitation, criteria for 
distinguish-d-ng a diffusaon-13-mited cur--rQnt from other ty-pes 
2.7 
Of limiting current are required 
deduced below. 
These criteria are 
many cases, the current-voltage curve displays 
one or mo: r-e inflex: ýons. Such inflexions are often 
def-i-nc-,, d plateau. x resulting from the superimposition of 
a second. electrode process on a process approach-ing a 
lif-Oitillg r, ). te . Methods of determining the value and 
nature of the limiting current associated with such 
inflexions are also described below. 
Plateaux and inflexions can be caused by the follow- 
ing: 
(a) The xýate of the if-eaction becoming diffluision 
limited. 
(b) The reaction rate becoming limited by the x-ate 
of a preceding chemical step (p. c. s. ). 
(c) The rate being determined by adsorption of a 
reactant or desorption of a product. 
(d) Deposition of inhibiting material limiting 
the rate. 
(e. ) Alteration in the T2 potential. 
If (d) is the cause of a plateau or inflexion, peaks 
in the current-potential curve caused by deposition or 
removal of this material are normally observed when a 
rapid., linear potential sweep is employed. Some hysteresis 
would normally also be expected between the positive and 
. ne, gative-going 
sweeps. Alteration in the T2 potential (e) 
would be likely to cause a plateau only in 'the neighbour- 
hood of the potential of zero charge and when the concen- 
tration of background elcotrolyte is low. 
I 
2.8 
Thus plateaux resulting from the_last two causes can 
be easily recognised. However it is more difficult to 
differentiate between plateaux caused by reasons (a), (b) 
or (c) ýIhen an inflexion results from any of these 
causes., it is an ill-defined plateau as described above. 
The theory is conveniently presented in two stages , that 
correspon Ing to well-defined plateaux and that corres- 
ponding to ill-definea plateaux where th e plateau current 
I. Is not directly measurable. The treatment presented 
applies when a rotating-disc electrode is employed. 
2.5.1 Well-defined plateaux 
Diffusion limitation 
The theoretical treatment of this condition has 
already been presented in Section 2.3. Thus the diffusion 
limited current is given by Equation 2.19 
V2- b 
Bw c 
YZ 1a1 
and graphs of id against w or of 
/i 
d against 
/W Y2, 
should both be linear and pass through the origin. 
b) Limitation by. the'rate of a chemical ste-p 
The simplest situation to treat is that where a 
2.19 
species A present in the solution does not undergo direct 
reduction in the potential range considered, but is fix-st 
4 
converted by a chemical reaction into the reducible 
species B, i. e. 
B+ ne Products. 2.22 
A rig orous derivation of the resulting equation for the 
current has been given by Delahay 
2.5. 
A less rigorous, 
2.9 
but for the present purposes sufficiently precise treat- 
ment, assumes that conversion of A into B occurs almost 
entirely within a thin layer of solution adjacent to the 
electrode, called_the reaction layer. Under these circum- 
stances the rate of production of B at the electrode 
surface (in mole CM- 
2 
s- 
1 ), as a result of the p. c. s. 
is given. in terms of its concentration cB by 
[ 6N 
B 
(X't)/5t] 
x=0 Z= 
P[6c 
B (X, t)/5t] 
7, = 
where x is the distance measured from the electif-ode surface. 
The reaction layer, of thickness p, is defined as the 
layer of solution in which all molecules of z p-r: oduced 
by- reaction 2.22 are subsequently reduced at the electrode 
surface. Consequently 
[6cB (X, t)/6t] 
x=0=k 
EcA (x, t)] 
r. l. 
and hence 
8N 
B 
(X't)/(5t] ýk [CA (X, t) 
where 
[CA (x't)]r. 
l. 
is the Concentration of A in the 
reaction layer. This quantity is normally assumed to be 
essentially constant throughout the reaction layer so 
that, in the steady state 
[CA (X, t) CA 
A 
where cS represents the surface concentration of A. 
If the equilibrium concentration of B in the solution 
is negligibly low, diffusion of B to the electrode may be 
neglected so that the kinetic current 
(i 
k) 
is given by 
2.10 
k 
6N 
B 
(Xlt) 
A 2.23 
n2A I 6t pkc s 
The rate of supply of A to the electrode by mass 
transport must equal its rate of consumption so that 
[1kc 
A Bw 
V, 
(CA 
- CA) 6 nTý bS 
and hence 
Bw 1ý cA 
cb2.24 
Bw'ýe + nFAýlk b 
A. S-Pbstituting f or cs In Equation 2 . 23 from Equation 2 .24 
gives 
nFA[tkBw 
'/; t cA 
k Yý 
-b Bw 
'/b + nFA pk 
or 
nFApkc,, Bw 0A b 
2.25 
2.26 
Consequently under these conditions the relation between 
YZ ik and w 3-s not linear (Equation 2.25). That between 
and 
1 lwl; 2, - is linear but should show an intercept at k 
w= oo (Equation 2.26) 
If a significant concentration of B exists in the 
Bolution, the limiting current is equal to the Bum of the 
diffusion limited current for B and i k* 
The rotation 
speed dependence of i1 is therefore more complex than i k' 
that is 
nFAukBw 
ý2, 
cA b+ Bw cB 
BwV, + n-FAIA 
b 
b 
2.27 
2.11 
and graphs of /il against 
1/wyx 
are no longer linear. 
c) Adsorption of reactant rate-limiting 
If the species A is adsorbed onto the electrode 
surface and then suffero reduction, i. e. 
Ak2 
c Ads Product 
(soln. ) 
If the second'step in this mechanism is irreversibleg 
the current is given by 
i=k29 
where k2 is a potential dependent constant and 9 is the 
fraction of the surface covered with adsorbed material. 
Since 
dQ kA (1 9) k9k9 dt 2 
in the steady state 
.kcA 
cA 
Substituting. for 9 in the expression for the current gives 
kkCA 
CA1+2ks+k 
s-12 
A 
when k2 )> k1c6 and k -1 
the process becomes independent 
of potential because adsorption becomes the rate determining 
step 
kc2.28 
2.12 
- Since in the steady state the rate of_transport of A to 
the surface equals its rate of adsorption, 
de A 
s 
dt 
so that 
A 
C 
S 
A A) A Bw c 'k c0 
Bw V,, c 
A 
b 2.29 
Bwy2- +k 
substituting 2.29 into 2.28 gives 
k ]3ý12-cA 
YI Bw +k 
or. 
kcA+ Bw 
V2. 
cA 
1bb 
2.30 
2.31 
Thus a graph of i1 against w will not be linear, while 
y 
one of /i 1 against 
/w 2- will be linear but show an intex- 
cept at w= co. 
If it were possible to observe the diffusion-lim. ited 
rate of this process, it would be given by 
.A 
Y2. A 
-L d 
Bw cb 
Combination of this expression with Equation 2.29 gives 
k 
-3- 
A 
Bw +k 
A 
showing that i1 must be smaller than i d" 
d) Desorption of Product rate-limiting 
Here we assume that species A after being adsox-bed 
on the electrode surface is reduced to the adsorbed species 
R which is subsequently desorbed, i. e. 
2.13 
kk2k3 
AcAcRcR 
Ads Ads s k- 
2 
The particular case considered is that where the electro- 
chemical step, with potential dependent rate-constant k 29 
-1s irreversible. The constants kj, k_1 and k3 are inde- 
pendent of potential. 
If desorption is rate determining then: 
i=k39 
o that 
92k29 
k3 
In the steady state, 
= 
dQ 
k (i -Q9 
)CA kQ 
dt 2s2 
and 
cA kg 1-k291 
k3 
therefore 
A k1k3cs 
kk)cA+ k_ k+kk 12s1323 
and 
kkkcA 123. s 
(k k+kk) CA + k_ k+kk 1312s1323 
For desorption to be rate determining, k3 << k2 and for 
potential independence k2>> k_1 
2.14 
kkk 
0"* i=12j 
s- 
-- 
k+kk 122 
kkcA 1A 
kcsk3 
For desorption to be rate determining, kkcA 31S 
3-1 k32.32 
i. e. the current is independent of rotation speed and 
concentration., 
It is now possible to differentiate between the 
different mechanisms proposed. 
(i) By considering the dependence of the plateau 
current on w. 
If the plateaux are caused by the reaction rate 
becoming diffusion limited, then at a. potential which is 
on the plateau at all rotation speeds, a plot of /i 
1V 
against /w2- will be linear and give zero intercept. 
However if the plateau were caused by the rate being 
limited by a p. c. s. or the rate being determined by adsorp- 
tion of. reactant, an intercept would be obtained. If 
desorption were rate limiting the current would be inde- 
pendent of rotation speed. 
A plot of iM against w will be linear for a true 
diffusion limited plateau and show curvature if adsorption 
or a preceding chemical stpp limits the rate. 
(ii) If the plateau is an intermediate one and the 
final plateau current (i d) is diffusion limited, the ratio 
of the current for the first plateau (i 1) to id varies as 
f ollows . 
2.15 
4 
For a diffusion limited plateau 
nAc 
dnAc+ nBc 
where the solution is assumed to consist of two species 
A and B with bulk concentrations cA and cB. the numbers 
of electrons involved in the reduction of. A and B being 
nA and nB x-espectively. This expressionp and those 
given below, is based on the assumption that the diffusion 
coefficients of the two species are similar. 
For a plateau resulting fi-om a p. c. s. 
B 
> nBc 
d nAc + 
---nBc 
This follows from Equation 2.27, si nce iB d 
For adsorption limiting the rate, 
A 
nc A <AB 
d nAc +n Bc 
since as shown earl ier iA d 
Finally, if desorption is rate determining, i1 is inde- 
pendent of cA. 
2.5.2 Ill-defined -plateaux 
a) Diffusion limitation 
An ill-defined diffusion-limited plateau may result 
if two or more species are present in the solution and are 
reduced in different potential regions. If the rate of 
reduction of the second species (B) becomes significant 
2.16 
before that of the first species (A)_has become diff-usion 
limited an ill-defined plateau will be observed within the 
wave. The current at this plateau will normally exceed 
the true diffusion limited current for reduction of 
species 
If the processes occurring prior to the intermediate 
plateau become diffusion limited at sufficiently negative 
pot-entials, then in this potential range the observed 
current (i 
M) 
equals the sum of the required diffusion- 
limited current (il) and the current due to the subsequent 
process (i 
c 
), 
i=±+± 
C 
If this subsequent process is straightforward and of first 
order 
i=. B 
c 
kBcs 
wher e "': B is a potential dependent constant. 
the equation for mass transport of B 
Y, B BBwx (C 
b 
and combining this with Equation 2.33 gives 
V 
;B wc b 
kBBB 
2.33 
Introd-acing 
2.18 
Substitution of this expression into Equation 2.33 gives 
k,, B wcB 
c 
-B- 
b 
kB +B Bw 
2.17 
Since 
Bw 
V2 
cA Ab 
then 
kBw 
ýz 
0B b 
wcA+BB AbkB+BB 
WY2 
Rearrangement of this equation gives 
k+iB wy; z -BB wc 
A=k (B wy2-c 
A+B 
vT'2-c 
B 
mBmBABbBAbBb 
= 
where id is the total diffusion-limited current. for the 
whole-wave. 
Consequently 
imid- im) 
.-=Bc+2- 31 
w 
Y2- AbBB 
Providing therefore that the reduction of B is first- 
order and straightforward. and the reduction of A becomes 
diffusion limited a graph of 
3- 
m/ against (i P wz d im) 
/w 
should be linear. Moreover the intercepts of such graphs 
at potentials where the reduction of A is diffusion-lim±ted 
A 
should be the same and equal to BAc b' 
Since 
B CA w 
Y2. 
Ab 
determ--Lnat3-on of the value of this intercept allows the 
true value of the first diffusion limited current to be 
3 d - -Lm 
w 
) 
calculated. 
2.18 
An alternative cause of an ill-defined diffusion- 
limited plateau, particularly the final plateau, is that 
hydrogen evolution begins before the reduct-LOn current 
has reached its limiting value. If a number of reducible 
species (A, B and C) are present in the solution and the 
potential is sufficiently negative that their rates of 
reduction are all diffusion limited, the observed current 
will be given by 
ABC iw 2- (B c+Bc+Bc+i2.35 AbBbCbH 
where iH is the current due to hydrogen evolution. Since 
in sufficiently acid solutions, i should be independent H 
of w, it follows from Equation 2.35 that a graph of im 
against wý2- should be linear with inte 
. 
rcept i Thus the H 
true value of the diffusion-limited current can be found 
by subtracting iH from the measured value. It should also 
be noted that Equation 2.35 predicts that a graph of 
1/i 
m 
against 
1/wl 
will not. be linear. 
b) Diffusion limitation plus a precedinZ chemical, step 
(P.. C. s -) 
This condition can only be the cause of a plateau 
within a curve, and not the final limiting current. To 
ensure that the theory developed here has maximum relev- 
ance to the results discussed in Section 8.8, a p. c. s. of 
the type 
k Cr + Cr cr d 
is considered. The symbol Cr m refers 
to a monomeric 
2.36 
chromium species while Cr d refers to a dimeric species. 
2.19 
To simplify the treatment it is necessary to assLune that 
all the monomers behave in a closely similar manner. 
Using the reaction layer treatment2-5 again the rate 
-2 of production of dimer at the electrode surface (mole cm s 
as a result of the p. c. s. is given in terms of its concen- 
tration cd by 
5N 
d 
(x 
bt 
d (xst)/6tl 
Since in the reaction layer all dimer molecules produced 
by reaction 2.36 are reduced at the electrode, 
m (_ (Xtt)/6tl 
x 
k1c x, t)]2 =0 Ir. l. 
henc e 
2 [ 5N 
d 
(Xpt)/6t]-x. 
= 0= 
P&Ic, (x, t) I 
r. l. 
where 
[cm (x, t)] is the concentration of monoýner in 
the reaction layer. 
In the normal reaction-layer treatment, it is assumed 
that the concentration of monomer is essentially constant 
within the -reaction 
layer. In the present treatment. this 
assumption has been made even at potentials where the monomer 
itself is reduced; some error will be introduced in this 
way. Making this assumption gives 
[cm (x, t)] cm 
S 
i. e. the surface concentration of monomers. Since the 
dimers are supplied to the electrode by diffusion as well 
as by the p. c. s. and are removed by reduction, then under 
conditions where the diffusion process has reached its 
limiting value, 
2.20 
d 31 
.jd [6N (x,, t)/ pk(c m) 
2+b02.37 
d 6t x=0s 6FA 6FA 
where il is the limiting current for dimer reduction (not 
diffusion- limited_, but both diffusion plus p. c. s. ) and it 
is assumed that 6 electrons are involved in the reduction 
of one dimer molecule. 
The rate of supply of monomers to the electrode 
surface, at a potential such that dimer reduction is at 
its limiting rate, is given by 
[6N (xtt 
BmW 
Y2- 
(cm cm) -2pk(c 
m)2ic=02 
. 
38 
m 
)/6t] 
x=0. =bss-7 
FAK 
where 
BW (C m- cm) is the rate of-supply by diffusion, 3FA bs 
assuming the Levich equation to apply, 2pk(c 
m2 is the 
s 
rate of consumption by the p-. c. s. and C is the rate 
3FA 
of reduction. 
The observed current i is related to i and i by the 
mc 
expression 
imi0 
The two relevant equat. ions are, therefore, 
cm)2 
dwk, d 6FApk( 
s+B 
IC 
bi02.39 
V 
cm)2 0 BmW""(. m - cm) - 6FApk( 2.40 bssc 
Adding 2.39 and 2.40 gives 
d Vz dm. ý, m Bwc+Bw '(c - C') = i, +i=i bbScm 
400,1, 
mw Vj cm Bdw 
Yz 
cd+ Bmw 
ý21 
cm-i=i-i 
sbbmdm 
NLý . 
2.21 
where 3- d ir, the total diffusion-limited current, 
it being 
assumed that the current is eventually limited by the rate 
of diffusion of monomers to the electrode. Consequently 
cdm2.41 
Bmw Y2 
Assuming that icm 
cs 
then 
ickm (3-d 
- : Lm) 
2.42 
Bw YX 
Also by substituting for cm from Equation 2.41 into S 
Equation 2.39 we obtain 
il Bdw 
Y4 
c 
d. 
+ 6FA pk' 
d M) 2.43 
bBmW! 12. 
and s inc e 
combination of Equations 2.42 and 2 . 43 gives 
dkXd 
3- 
M) 
.i-Bwcd+- 
6FAýLk (d m) 2+-( 
MbBm Wýý Bmw 
k2. 
or iI 
md cl 6FAUk (Ld 
3-m) 2+k (ýLd m) 
wBcb+B2Bmw m 
In the absence of a p. c. s. the following equation was 
obtained 
mBcAkB 
ýL d- -Lm) 
w 
YZ AbBBw 
2.44 
2.34 
Therefore if a p. c. s. is important, a plot of 
im 
against 
i 
('Ld - m) should be curved. w 
Y2- 
w 
2.22 
c) Adsorption of reactant rate-limitina 
If two species A and B are present in the solution, 
the reduction of A occurring via an adsorbed state as 
described in Section 2.5-1(c), ýhen the limiting current 
for thisýprocess will be as given by Equation 2.30 
kBwcA 
i1Ab2.30 
Bw 
YZ 
+ 
In this expression, k is independent of potential. 
Assuming as before that the reductipn of B obeys the 
equation 
kBB 
Vz BB 
Bcs BbS. 
then 
.B 3- 
cBdc2.45 sBBw k2 
I 
since 
im=i12.46 
and on the final plateau where the reduction of B becomes 
diffusion limited 
=1 
IB 
a. d 
1 -1 dc 
3- 
d 
Substituting this expression into 2.45 and then substituting 
B 
for c in the equation for i we obtain 6c 
Y7 B 
2.47 
2.23 
Finally, combining 2.30,2.4.6 and 2.47 and rearranging 
gives 
ikBcA 1Ab 
Bw 
Y2- 
+ 
kB 
- 
('d 
- im) 
B 
2.48 
i Y, Once more therefox-e a plot of m/w2-agair-st (i dm 
)/W 
should riot be linear. 
d) Desom-tion of a product rate-limitipE 
An analogous treatment to that described above, but 
with 
2.32 
g, ives. 
k J3 idi M) k+Bw2.49 
W 2- 
3B 
In this case therefore linear plots should be obtained 
but the intercept should be independent of the concen- 
tration of A. 
, 2.6 Practical considerations necessary to satisfy the 
R. D. E. theor 
The relationship derived by Levich between the diffusion 
layer thickness and the rotation speed of a R. D. E., applies 
to laminar solution flow over a planar disc of infinite 
size, rotating about an axis perpendicular to its surface 
in a solution of infinite extent. The actual sizes and 
shapes of the electrode and cell needed to give agreement 
2.3 
with these equations have been discussed by Riddiford 
The important requirement concerning the disc size 
is that its overall diameter must be large compared with 
2.24 
4 
the thickness of the Frandtl layer. This is the layer of 
liquid dragged round with the disc and its thickness is 
approximately equal to 2.7 (v/w) 
V2. 
- 
The theox-etical disc has no thickness, whereas the 
edger, of a practical disc can cause turbulence. This is 
best minimised by embedding the disc in an annulus of an 
inert insulator with tapered edges. The use of this 
annulus also allows small electrode areas to be employed 
without contravening the requirement discussed in the 
last paragraph. local turbulence also results if irregu- 
larities in the disc surface are comparable in depth to 
the thickness of the F-randtl layer. " When this Qccurs, 
e. g. With unpolished, flaked pyrolytic graphite, the 
Levich theory is no longer quantitatively correct. In 
the case of the pyrolytic graphite curved 
1 /: L 
plots were obtained. 
A further cause of turbulence is the use of too high 
a rotation speed. If, however, the rotation speed is too 
low, natural convection becomes important and the theory 
is again inapplicable. The limits of application of the 
theoretical equations are conveniently expressed by the 
corresponding values of the Reynolds number (R e 
), given 
by 
2 
r 
where r is the overall radius of the disc. The theory 
applies when 10 
2<Re<5x 10 4* 
The electrode must be centred accurately on the 
driving shaft which must be free from whip. If these 
" 
conditions are not met, the area swept out by the disc 
differs from its geometric area. 
The requirement that the solution should be of 
infinite volume arises from +he need to ensure that no 
intex-ference to fluid flow is produced by the cell walls. 
In practice it is found that this condition is satisfied 
providing that the cell walls are at least 0.5 cill from 
the periphery . and surface of the disc. 
The Luggin capillary must also be located with care. 
It is best arranged to be vertical as it approaches the 
/dise and to be dix-ectly below the centre of the disc. 
Ideally the tip of the capillary should be-at lpast 
0.5 cm from the disc but this may result in an. unaccept- 
ably large iR drop. 
3.1 
CHAPTER 
EXPERIMENTAL 
3.1 The Potentiostat 
A Chemical Electronics, Model TR70,2A, potentiostat 
was used for the majority of the work. 
Two signals were applied to the inputs of the 
amplifier. One signal, either a steady potential from 
a potentiometer or a linear voltage sweep supplied from 
a funcilion generator, was the potential to be impressed 
on the working electrode (W. E. ). The second signal was 
the difference in potential between the W. E. and the 
reference electrode (R. E. ). The difference between the 
two input signals was amplified, and applied via the 
output stage, to the subsidiary electrode (S. E. ) and 
the W. E. of the pell. This resulted in a current being 
driven through the cell in a direction such that the 
potential of- the W. E. tended towards the required value. 
3.2 The Rotating Disc Electrode (R. D. B. ) driv 
The R. D. E. was driven by a motor controlled by a 
velodyne servo-amplifier (Fig. 3.1). A generator mounted 
on the same shaft as the motor produced a voltage which 
is ideally directly proportional to motor speed. A frac- 
tion of this voltage was compared with a reference voltage 
obtained from a zener diode stabilised source. Any dif- 
ference was amplified by the C450 and 2N3741 transistors 
and the signal applied to the motor field coils, which, 
in turn, increased the motor speed until the generated 
voltage was equal and Opposite to the reference voltage. 
3.2 
To minimise variations in motor speed as a result 
of changing motor temperatures it is necessary to main- 
tain a constant current through the generator field 
coils. A constant voltage supply is unsatisfactory 
because the resistance of these coils varies with 
temperature, leading to variation in the magnetic field 
in the generator and hence in the output voltage at a 
g--Lven rotation speed. The current to the generator 
field coil was stabilised using the circuit shown in 
Fig. 3.1. (Ref. 3.1). The potential on the base of 
the AUY 10 -transistor was fixed by the 330 and 160-Q- 
resistor chain. If the current passing through the 
field coils decreased, the potential of the collector 
decreased so that the base-collector potential differ- 
ence would become greater thus restoring the current 
to its original value. 
The variation in the motor speed with temperature 
was about 1ýo per degree. At constant temperature the 
reproducibility was within the timing error. 
A small magnet attached to the top of the motor 
shaft caused a reed switch (Radiospares . 
6RSR) to close 
twice for every revolution of the shaft. This switch 
was connected via the circuit shown in Fig. 3.1 to a 
Harwell scaling unit type 1221C. This counted the 
number of pulses and hence the number of revolutions 
in a given time. 
3.3 
3.3 The function generator 
The function generator was constructed as 
described in Ref. 3.2: linear potential sweeps between 
and +3V at rates between 1 mV and 900 V sec-1 were 
possible. 
3.4 Recording arrangements 
In the steady-state potentiostatic experiments, 
the current was measured either on a calibrated Cambridge 
Unipivot galvanometer or from the voltage drop across a 
standard resistor measured with a Digital Voltmeter. 
When a voltage sweep was applied to the system the 
resulting current-potential curve was recorded on either 
an X-Y plotter or an oscilloscope. The current was 
measured as the potential developed across a 0.1ýo stand- 
ard resistor in series with the electrolysis cell, while 
the potential was fed directly from the o-utput of the 
function generator. The X-Y recorders used were a 
Bryans 21000 series or a Bryans 26000 series; the latter, 
having a much faster response time, was used when rapid 
transients were obtained. For very fast sweeps a 
Tektronix type 502A Dual Beam Oscilloscope was used. 
3.5 Cells 
All cells were made from pyrex glass, the taps being 
of the liquid-sealed type. The electrolysis cell was 
thermostated at 25 + 0.1 
0C in a water bath. 
3.5.1 Electrolysiscell 
The design of this cell was such as to satisfy the 
requirements of the Levich theory of the rotating disc 
3.4 
3.3 
electrode as completely as possible It is illus- 
trated in Fig. 3.2. The main compartment had a volume 
of approximately 50 cm3 and was filled with tubes to 
enable gas to be passed through the electrolyte or over 
its surface. The disc electrode passed through a 
"Hostaflon" cone mounted in the B24 socket. A platinum 
counter electrode was located in a separate compartment 
isolated from the main compartment by a glass s-; nter. 
An external hydrogen reference electrode connected via 
a liquid-sealed tap and Luggin capillary to the main 
compartment. 
The potential difference required in potentiostatic 
experiments is that between the W. E. and a point in solu-- 
tion outside the electrical double layer. The experi- 
mentally measured potential difference is that between 
the W. E. and the tip of the Luggin capillary. It has 
been shown 
3.4,3.5 
9 that the ohmic potential drop result- 
ing from the flow of current through the solution is 
minimal if the tip of the capillary is placed close to 
and directly below the disc. In order to satisfy these 
requirements and also ensure that the hydrodynamic flow 
of material to the electrode was not disturbed, the tip 
of the Luggin capillary was located about 0.5 cm directly 
below the disc. The'high conductivity of the solutions 
and the low current densities employed ensured that iR 
effects were small. 
3.5 
3.5.2 The pre-electrolysis cell 
This cell had a total volume of approximately 
1 litre. The solution was contained in a glass vessel 
cm in diameter and 25 cm long. A two-way liquid- 
sealed tap, sealed to the bottom of the vessel, enabled 
the solution to be transferred directly into the elec- 
trollysis cell. Nitrogen was passed through a sinter in 
a B24 socket into the solution. A B50 socket carrying 
an exit bubbler for nitrogen and two 3 cm square, 
lightly-platinised, platinum electrodes fitted into 
the top of the cell. One of the electrodes, normally 
made the anode, was positioned near the sinter and 12 
cm above the other. 
3.6 Electrodes 
3.6.1 Noble metaý- cathodes 
The rotating-disc electrodes are shown in Fig. 3.3 A. 
They consisted of a precision-ground silver-steel shaft 
1/4" 
diameter and 25 cm long, to one end of which a1 cm 
length of platinum or gold rod was silver soldered. The 
noble metal was machined into a cone shape with the lower 
surface 0.5 cm in diameter, so that its tip ran true to 
within + 0.003 cm when 17 cm. of the shaft protruded from 
a chuck. The electrode was encased in a 12.5 cm long 
"Hostaflon" tube which screwed into a threaded collar 
on the steel shaft so that only the upper part of the 
shaft, and the lower face of the noble metal was exposed. 
The hole in the lower end of the "Hostaflon" tube was 
tapered to fit the conical sides of the noble metal to 
obtain a leak-free seal. The "Hostaflon" was finally 
3.6 
machined to the shape shown in Fig. 3.3a. The surface 
of the electrode was polished by grinding on a series 
of emery papers, finishing with a 6"o" grain size. 
mirror finish was then imparted by wet-grinding with 
alumina powdex-s on selvyt cloth, finishing with y 
alumina powder. The alumina was removed by immersion 
in dilute sulphuric acid. The area of the exposed 
noble metal was 0.132 cm 
2 
for platinum and 0.135 cm 
2 
for gold. 
3.6.2 Carbon cathodes 
In the preliminary work with pyrolytic graphite 
electrodes, polythene, araldite and laconite were tried 
as insulators. Araldite was poured into a glass mould 
surrounding the electrode, and cured by heating at 100 
0C 
for 48 hours. Laconite was painted on to the sides of 
the electrode and dried at room temperature for 48 hours. 
Heat-shrinkable polythene tubing was heated with hot air 
while surrounding the electrode. None of these materials 
proved entirely satisfactory, see Chapter 
An electrode (Fig. 3.3b) was therefore designed 
using "Hostaflon" as insulator. This design was used 
to investigate the behaviour of different types of 
graphite in the background electrolytes. It also pro- 
tected the edges of the layer planes in pyrolytic 
graphite. A graphite cylinder of the same diameter as 
the stainless steel shaft was cemented to the shaft with 
conducting araldite. The final 2 mm of the central hole 
in the "Hostaflon" insulator was of slightly smaller 
3.7 
diameter than the graphite cylinder so that it 
could be screwed home tightly against the graphite, 
thus forming a leak-tight seal. 
This design of electrode, although satisfactory 
in many respects, did not satisfy the conditions for 
laminar flow of the solution. In all of the work in 
chromium containing solutions, an electrode with a 
moulded FTFE insulator was used. This electrode was 
prepared by placing a 0.6 cm diameter 11 cm thick, 
F. G. core in the centre of a steel mould. FTFE powder 
(Grade G3, I. C. I. Ltd. ) was added and compressed at 
2 ton in- 
2. After releasing the pressure, the mould 
was heated to 375 09 the above pressure again applied 
and the mould allowed to cool to room temperature. 
axial hole was drilled through the resulting FTFE 
cylinder up to the enclosed surface of the graphite. 
A stainless steel shaft, inserted in this hole, was 
cemented to the graphite with conducting araldite. 
The final electrode could then be machined to any 
An 
desired shape, 'although the simple cylinder was found 
to be perfectly satisfactory. 
In the experiments involving electron-optical 
exam-3-riation of the graphite surfaceg heat-shrinkable 
FTFE was used as insulating material. Initial experi- 
ments with one variety of this material (Hellashrink, 
Hellermann Electric Ltd. ) had shown that it did not 
adhere to the electrode sufficiently well to prevent 
leakage. More recently a new variety "Flo-tite" tubing 
3.8 
(Pope Scientific Inc. ) has become available. This 
consists of an outer sheath of heat-shrinkable FTFE and 
an inner tube of F. E. F. On heating, the inner tube 
melts and adheres to the sides of the electrode, pro- 
viding a very satisf9ctory seal. 
With either moulded or heat-shrunk insulators, 
a fresh graphite surface could be produced by machining 
away a little of the FTFE surface and flaking off the 
exposed graphite with a clean, sharp razor-blade. Such 
a surface, however, was not sufficiently flat to satisfy 
the requirements of the Levich theory (see Chapter 2). 
A satisfactorily smooth surface could be produced by 
machining the freshly exposed surface and carefully 
removing the debris with tissue paper. Alternatively, 
the electrode could be held at 0.7 V in 1x 10- 
2M Cr VI, 
1M HC10 
4 
for 15 minutes and the surface then polished 
with tissue paper. Repetition of this treatment, at 
least three times, produced a smooth surface as shown 
in Fig. 3 -4. 
3.7 Bearing for the R,. D. E. 
The bearings for the electrode shaft, Fig. 3.3, 
were ball races of 0.25" internal diameter mounted in 
a brass tube al-, tacked to a brass back plate. A B24 
"Hostaflon" cone screwed onto the bottom of the brass 
tube and compressed a PTFE "o" ring onto the steel shaft 
of the electrode so that a gas-tight seal was achieved. 
A steel rod, mounted in a second bearing assemblyt also 
attached to the back plate, was connected to the motor 
3.9 
shaft with polythene tubing. The electrode was driven 
via two nylon gears, one fitted to the driver shaft 
and the other to the electrode. Electrical contact 
to the electrode was made via a nickel wire dipping 
into a mercury pool in a small hole in the top of the 
electrode shaft. A FTFE cap with a small central hole 
prevented the mercury from escaping. 
3.8 Reference, eleotrodes 
A hydrogen reference electrode immersed in the 
background electrolyte was used in all experiments and 
potentials are quoted with respect to this electrode. 
The electrodes were platinised by a modification of the 
3.6 
method described by Popoff et al 
The electrode was first cleaned by anodic polaris- 
ation in concentrated HC1, followed by cathodic polar- 
isation in hot, strong NaOH and washed in doubly 
led water. It was then platinised by cathodic distilL 
deposition at 13 mA cm 
2 
for 5 minutes from a solution 
of 3% chloroplatinic acid made 5x 10-3 M in lead 
acetate. After washing, it was polarl'sed cathodically 
in cold dilute NaOH for 15 seconds and in 1MH2 so 4 
for 
30 seconds, finally being stored in doubly distilled 
water. 
"White spot" hydrogen (B. O. C. Ltd. ) was used with- 
out further purification. 
3.9 Cleaning of glassware and electrodes 
The cells, and associated glassware, were cleaned 
by immersion for at least 12 hourý, -; in a freshly prepared 
3.10 
mixture of equal volumes of concentrated nitric 
and sulphuric acids. After steeping, the glassware was 
washed in distilled water, followed by several washings 
in doubly distilled watert to remove the excess acid. 
The noble metal electrodes were cleaned by immer- 
sion in concentrated H2 so 4 and 
then washed in doubly 
distilled water. Glassy-carbon electrodes were cleaned 
by abrasion with fine grade wet and dry paper, followed 
by alumina on selvyt cloth. They were then immersed in 
dilute sulphuric acid and rinsed in doubly distilled 
water. The preparation of the pyrolytic graphite sur- 
face has already been described. No chemical cleaning 
agents were found suitable for use with this graphite. 
3.10 Pre-paration of purified water 
During the initial work triply distilled water 
was used. This was prepared by normal distillation of 
tap water followed by distillation from a very dilute 
solution of potassium permanganate and then from a dilute 
phosphoric acid solution. It appeared, however, that 
traces of phosphoric acid in this water were affecting 
the results (see Chapter 1). Powers 
3.7 
, has shown that 
water obtained in this manner is normally contaminated, 
probably due to droplet entrainment, with permanganate 
and phosphoric acid. 
This contamination can be avoided 
3.7 
by using the 
still design shown in Fig. 3.5. The still pot was a 10 
litre Pyrex flask, connected to the condenser by a 35/50 
ball joint. This ball joint, and the others on the still, 
3.11 
were lubricated only with water. Provision was made in 
the flask for the introduction of feed water and of puri- 
fied gas through a fritted bubbler. The pot was heated 
with an Electrothermal heating mantle. 
The fused-silica condenser consisted of a vertical 
section 13 14 11 in diameter and 18" long, joined to a /2 
diameter re-entrant tube which could be water cooled over 
a 15" length. The vertical section was thermally lagged 
with asbestos tape to reduce transport by surface creep3.8 . 
The fused-silic-a still head provided means for 
measurJ. ng the electrical conductivity of the distillate 
and either accepting the distill-ate into -a receiver or 
rejecting it. When the Teflon-bore stopcock located 
beneath the conductivity cell was closed, the water level 
rose in the still head and distillate was rejected. 
Continuous sampling of the distillate was possible by 
opening the cock partially. The gas bubbled through 
r 
the still pot was vented through a water lap. 
Ordinary distilled water in the still pot was held 
at a temperature just under the boiling point for 16 to 
24 hours. During this time purified oxygen was bubbled 
through the water to oxidise any organic impurities. 
Distillation was then carried out at rates of up to 
1 litre per hour in the presence of oxygen or an inert 
gas. The usual practice was to operate the condenser 
without water cooling until about 1 litre of water had 
been removed from the pot. This ensured that the con- 
denser and still head were thoroughly cleaned with steam. 
About 2 litres were then rejected before collecting the water. 
3.12 
The oxygen gas was passed through a purifica-tion 
trCain to remove any organic impurities. This train 
consisted of four 0.5 litre gas-washing bottles con- 
taining respectively, concentrated H2 so 4-' water, 
concentrated NaOH, and water. The head of each bottle 
was fitted with a coarse grade, fritted, cylindrical 
gas-dispersion tube. Gas passed through the train at 
a rate of 2 to 3 litres pcr hour. Fle, -, -Iible connections 
were made with polythene tubing. 
Conductivities as low as 9x 10- 
8 
ohm- 
1 
cm- 
1 
have 
been obtained when using this still. 
Solutions 
The background electrolytes were "Aristar" grade 
perchloric or sulphuric acids. Solutions containing 
Cr VI were prepared initially from Analar CrO 3 
but this 
was difficult to purify further and triply recrystall- 
ised Analar K2 cro 
7 was used 
in the later experiments. 
Where required, Analar Na 2 
so 
4 and 
NaClO 4 were used with 
no further purification. 
Ionic impurities in solution can be removed by pre- 
electrolysis on auxiliary electrodes, while non-ionic 
species may be adsorbed on platinised platinum or active 
charcoal. In the present work the solutions to be used 
with noble metal electrodes were purified by pre- 
electrolysis, while act±ve charcoal was employed when 
graphite electrodes were to be used. These procedures 
were adopted because the impurities likely to affect a 
MOO 
particular electrode material are Pro* likely to be 
removed onto similar material. 
3.13 
Thus perchloric acid, used in work with gold 
electrodes, was pre-electrolysed at constant current 
for 48 hours ±n the cell descr±bed ±n Sect±on 3.5.2. 
The purity of the sulphuric acid used was already high 
and was not significantly improved by this technique. 
Furified active charcoal was added to all back- 
ground electrolytes used with carbon electrodes. After 
adding the charcoal, the solution was well shaken then 
allowed to stand for 30 minutes before use. The 
charcoal was removed before adding X2 CrO 
3.12 Preparation of -purified active charcoal 
A highly absorbing active carbon of mesh 14-22 
(Speakmann and Sutcliffe Ltd. ) was used. It was puri- 
fied by extracting with frequently renewed constant- 
boiling hydrochloric acid in a Soxhlet for six weeks, 
followed by extracting with successive portions of 
doubly distilled water, until acidified silver nitrate 
solution added to the water gave no precipitate. 
3.13 Identification of surface film on gold and graphite 
The gold electrode used was in the form of a 
cylinder, radius 0.5 cm, length 0.4 cm, suitable for 
mounting in an electron microscope. The face to be 
observed was abraded on a fine grade wet and dry paper 
followed, in some experiments, by polishing with 
alumina on selvyt cloth. The alumina was removed with 
dilute and concentrated sulphuric acid and the elec- 
trode washed in acetone, followed by doubly distilled 
water. 
3.14 
The pyrolytic graphite electrode is described in 
section 3.6.2. Samples for examination were removed 
by flaking off thin sections from the electrode using 
a clean, stainless steel blade. 
Both gold and graphite were examined by glancing- 
incidence, high-energy electron diffraction. The 
pyrolytic graphite was also examined using scanning 
electron microscopy, X-ray probe analysis and mass 
spectrometry. 
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CHAPTER 
COULOMETRIC EXPERIMENTS 
4.1 Introduction 
In order to define the potential range over which 
Cr VI is reduced to Cr III it was necessary to determine 
the number of electrons involved in the reduction pro- 
cess. With pyrolytic graphite the current-potential 
relation consisted of three steps and coulometric 
experiments were necessary to establish vihether or not 
the reduction was taking place in three one-electron steps. 
4.2 Ex-perimental 
The experiments consisted of recording the current- 
time rel, ý_-. tion during constant-potential electrolysis of 
Cr VI solutions. Integration of this relation gave the 
quantity of electricity passed during the electrolysis. 
The initial and final concentrations of Cr VI and Cr III 
in the catholyte were determined by colorimetric proced- 
ures. If the whole of the current is used in the reduc- 
tion of Cr VI to Cr III, the quantity of electricity 
-hat calculated from Faraday's Law passed should equal -1. 
and the quantity of Cr III produced, while the decrease 
in Cr VI concentration should equal the increcaase in 
Cr III concentration. 
The current-time relation was recorded on a 
Servoscribe Y-t recorder. An accurate value of the quan- 
tity of electricity passed was obtained by cutting out 
and weighing the relevant area of chart paper. Comparison 
4.2 
of this weight with that of a known number of squares 
gave the area under the curve. 
After electrolysis, 10 ml samples of the solution 
were analysed either for Cr VI or for Cr III as described 
below. 
4.2.1 Analysis for Cr III 
Analysis for tervalent chromium was performed using 
4.1 
the method described by Fuhrman and Latimer The 
Cr III was separated from Cr VI by precipitation as 
the hydrous oxide, with Zn(OH) 2 as a carrier. 
The 
hydrous oxide was collected by centrifuging, washed with 
water at pH 10 and dissolved in perchloric acid. The 
Cr III solution was then complexed with 1,2-diaminocyclo- 
hexanetetra-acetic acid (CDTA) at pH 3 and the absorb- 
ance of the resulting solution measured at 540-550 mýl. 
The Cr III concentration was then obtained from a cali- 
bration graph. 
This graph was obtained initially as a result of 
complexing a known amount of chromic perchlorate with 
CDTA and analysing the resulting solution. Chromic 
perchlorate, however, is hygroscopic, making an accurate 
calibration impossible. More satisfactory results were 
obtained by using two other sources of Cr III. Thus 
either potassium chromate was dissolved in 1M perchloric 
acid or a standard solution of potassium dichromate in 1M 
perchloric acid was reduced using excess hydrogen 
peroxide 
4.1 
. 
The calibration graphs obtained by the two 
latter methods were identical. 
4.3 
A quantity of Cr III was always found in the 
freshly prepared electrolyte. The concentration varied 
from 3 to 5x 10-4 M Cr III in a1x 10- 
2M 
solution of 
Cr VI. The analytical results were corrected for this 
background concentration of Cr III. 
4-. 2 .2 Analysis for Cr Vi 
The concentration of Cr VI was determined by the 
absorbance of the solution at 351 m[i. A calibration 
graph obtained with a range of standard solutions of 
Cr VI was used to calculate the concentration. Since 
the relation between concentration and absorbance was 
non-linear 
4.2 
it was necessary to use standard solutions 
with concentrations close to that of the solution being 
analysed. 
4.2.3 The coulometric cells 
Two coulometric cells were employed. Cell 1 was a 
single compartment design containing a maximum of 15 cm 
3 
of electrolyte. It was preferred for work at more posi- 
tive -potentials where the quantity of electricity passed 
was small. A platinum cylinder approximately 2 cm 
2 
In 
-hode was insulated with area served as an anode. The cat 
shrink-fit polythene, since an electrode of small external 
diameter was required. The hydrogen reference electrode 
was separated from the main compartment by a liquid-sealed 
tap. Cell 2 had a maximum volume of 50 cm 
3 
so that the 
usual R. D. E. design could be used. Two subsidiary elec- 
2 
trodes were provided, an internal platinum cylinder 2 cm 
4.4 
in area and a platinum wire coil located in a low volume 
(3 cm 
3) 
side-arm connected to the main compartment via a 
porous sinter. 
4.3 Results 
4.3.1 Fyrolyt.: ýc gra-phite 
Experiments were conducted at a range of potentials 
in a solution of 1M in HC10 4 and 
10- 2M in CrVI. 
Under all circumstances, the amount of Cr VI consumed 
by electrolysis was equal to the amount of Cr III 
produced, and three electrons were required -to reduce 
one atom of Cr VI. The actual results are reported in 
table 4.1 . 
It appears therefore that over the potential range 
0.95 to 0V the electrode process may be represented by 
the equation 
Cr VI + 3e = Cr III (4.1) 
It should be noted that the oxidation of Cr III to 
Cr VI can occur on platinum at sufficiently positive 
potentials. Consequently erroneous results are obtained 
if the internal counter-electrode is used under these 
conditions. 
4.3.2 Gold 
It was not possible to conduct experiments at 
potentials other than those corresponding to the plateau 
of the current-potential curve; the amount of Cr III 
produced at more Positive potentials was too small for 
an accurate analysis. The results obtained at potentials 
4.5 
from 0.4 to 0.1 V are shown in table 4.2. They again 
indicate that the process occurring on the plateau of 
the curve is accurately represented by equation 4.1. 
Similar results were obtained with sulphuric acid 
as background electrolyte using both pyrolytic graphite 
and gold electrodes. 
TABLE 4 .1 
Reduction of Cr VI on Pyrolytic Graphite 
Quantity of Concentration 
Potential Electricity of Cr III Current M (Coulomb) produced efficiency (fo) 
(mol litre-1) 
0.00 119.8 5.50 x 10 -4 97 3 
0.30 112.2 6.50 x 10- 
4 103 3 
0.65 70.2 3.50 x 10- 
4 102 + 3 
0.85 20.8 1.35 x 10- 
4 94 + 12 
0.90 54.5 2.75 x 10- 
4 97 5 
0.925 39.6 1.95 x 10- 
4 103 8 
0.95 53.4 1.73 x 10- 
4 94 + 6 
TABLE 4.2 
Reduction of Cr VI on Gold 
Quantity of 
Potential Electricity 
(V) (coulomb) 
Concentration 
of Cr III 
produced_ 
(mol litre 
Current 
efficiency 
0.4 57.7 
0.2 53.0 
0.1 73.5 
3.7 x 10 -4 
3 .5x 10- 
4 
4.3 x 10- 
4 
99 3 
99 3 
98 +3 
4.6 
4.4 Discussion 
Although these results indicate thatp over the 
Potential ranges investigated, the final product of 
the reduction reaction is Cr III, this is not conclu- 
sive evidence that the electrode process is always 
represented by equation 4.1. It is possible, for 
example, that the first step in the current-potential 
curve obtained with pyrolytic graphite actually corres- 
ponds to the process 
3 Cr VI + 3e =3 Cr V (4.2) 
Providing this were followed by the disproportionation 
of the unstable Cr V species according to 
Cr V=2 Cr VI + Cr III (4.3) 
the overall reaction would still be given by equation 
4.1 - 
In the absence of any evidence for such processesq 
however, it has been assumed that the stages in the 
curve do not correspond to the transfer of differing 
numbers of electrons, but to the participation of 
different solution species in the electrode reaction. 
5,1 
CHAPTER 
THE BEHAVIOUR OF GOLD IN ACID SOLUTIONS 
5.1 Introduction 
As an aid to interpreting the current-potential 
curves for the reduction of dichromate, the behaviour 
of gold in the various background electrolytes has been 
studied. 
The surface oxidation of gold in acid solutions 
has been studied previously using both galvanostatic 
and potentiostatic techniques. The oxidation ultimately 
leads to the formation of chemisorbed Oxygen5-1p5-5,5-7 
or gold oxide5.1-5.695.8-5.10 with the initial formation 
of this film occurring at about 1.28 - 1.36 V w. r. t. a 
standard hydrogen electrode. Reduction of the film 
commences at potentials 'between 1.20 and 1.30 V. The 
potentials of film formation and reduction vary by 
RT 5 . 3-5 .5 95 . 8,5 .9 -2.3 F per unit pH About a monolayer 
of Au 203 is formed but at potentials more anodic than 
5 -7. j, 5 .8P5- 10 1.8 - 1.95 Va thick oxide film forms 
The behaviour at potentials between 0.0 and 1.2 V 
is less well established. El Wakkad and Shams El Din 
5.4 
obta: . Lned inflections in the charging curves which they 
attributed to the successive formation of Au. 20 and AuO, 
but their results have not been reproduced by later 
workers. Deborin and Ershler 
5.2 
, after heating the 
gold in air, observed an anodic arrest at 0.70 V and a 
corresponding cathodic arrest at 0.4 V. These processes 
were subsequently shown to result from contamination of 
the gold by iron 
5.6 
. 
5.2 
More definite evidence for the occurrence of a 
process, other than double-layer charging, in this 
potential region has now been reported 
5.11Y5.12 
. 
This process is characterised by a maximum in the 
electrode capacity at ýý 0.6 V, or an abrupt increase 
in the quantity of electricity needed -Ito reduce surface 
species after polarisation to potentials above about 
0.7 V. Comparable changes in the relative phase 
retardation have also been observed using ellip- 
5 . 12,5-13 sometry These phenomena have been attributed 
to the formation of AuOH or AuO (called "chemisorbed 
oxygen" )5 . 
11 5 . 14,5 . 15 . 
5.2 Ex-perimental 
The measurements were made in the electrolysis 
cell (Section 3.5.1). A rotating disc electrode was 
used and was cleaned either by immersion in concentrated 
sulphuric acid or by etching in aqua regia. It was then 
washed several times in doubly distilled water. Prior 
to cleaning by the first method the electrodes were 
normally polished with y-al-umina on selvyt cloth 
(Section 3.6.1). The chemicals used are described in 
Section 3.11. 
The electrode potential was swept at a known scan 
rate over the range to be investigated and the resulting 
current-potential curve was recorded ox, a Bryans X-Y 
recorder. 
5.3 
5.3 Results and Discussion 
5 . 3.1 HC10 solution 
The current-potential relationship obtained with 
a stationary electrode in oxygen-free 1M Aristar HC10 
is shown as curve a, Fig. 5.1. Rotation of the elec- 
trode produced marked changes in the curve (curve 
Fig. 5-1) suggesting the presence of electroactive 
impurities in the solution. In accord with this view, 
the magnitude of the effect depended on the batch of 
perchloric acid employed. These impurities were not 
removed by active charcoal, nor by oxidation either 
by boiling the concentrated perchloric acid, or by 
the addition of small amounts of X2 Cr 20 7* 
However, 
after pre-electrolysis of the solution for 18 hours 
(see Section 3.11) the current-potential curve was 
insensitive to rotation of the electrode (Fig. 5.2) 
indicating that the impurities had now been removed. 
The current maxima observed in this latter curve must 
therefore be associated with modification of the 
electrode surface. The potentials at which these 
processes begin and the quantity of electricity under 
the maxima are reported in Table 
5.4 
TABLE 5 .1 
Anodic maxima Cathodic maxima 
Beginning at 
Quantity of Beginning at 
Quantity of 
Elec-tricity Electricity 
(ý, C"cm-2) (4C cm-2) 
c a. 0.65 V 450 c. a. 0.75 V 450 
c. a. 1.3 V 1350 c. a. 1.3 V 1350 
Scans over a limited potential range (Fig. 5.3) 
clearly demonstrate the relationship between the two 
smaller peaks and between the two larger peaks. The 
anodic and cathodic processes occurring at the more 
positive potential have been observed in all previous 
studies of the electrochemical behaviour of gold. Since 
the reversible potential of the Au/Au 203 electrode in 
1M HC10 
4 
is 1.36 V these current maxima have been attri- 
buted to the formation and reduction of Au 203 on the 
gold surface. The quantity of electricity passed in 
the more anodic maxima is comparable to that reported 
by previous workers and corresponds approximately to 
the formation and reduction of a monolayer of Au 20 
The complex shape of the anodic curve suggests however 
that the process may be more complicated than this. 
Processes akin to those occurring during the less 
positive maxima have been observed by Schmid and O'Brien 
and Sirohi and Genshaw 
5.12 
and attributed to the formation 
and reduction of AuO and AuOH. Since a number of other 
workers had failed to observe these processes, it seemed 
possible that they originated from impurities. Although 
5 .5 
a variety of cleaning procedures including polishing the 
electrode with y-alumina and washing in acetone or in an 
equivolume mixture of concentrated sulphuric and nitric 
acids failed to remove the maxima, they were almost 
removed by etching the gold for two hours in fresh aqua 
regia, Fig. 5.4. This suggests that they do in fact 
originate from impurities in the gold surface. 
Q. 
oince the gold was at least 99.95% pure, it was 
unlikely that the impurity originated from within the 
gold. The great difficulty experienced in removing 
this impurity allied to the failure to remove the effect 
by more careful control of the experimental conditions 
suggested that the inclusions were introduced during 
abrasion with emery paper (see Section 3.6.1). In 
accord with this, a sample of gold identical with that 
usod in previous experiments but not polished with 
emery paper gave the curve shown in Fig. 5.5. Confir- 
mation of this conclusion is also provided by the fact 
that only those previous workers who polished their 
electrodes with emery paper observed these processes 
5-11t5.12 
0 
(compare for example reference 
Since the behaviour in chromium containing solu- 
tions was substantially unaltered by the presence or 
absence of these inclusions and a polished electrode 
was preferred, most of the measurements reported sub- 
sequently refer to electrodes polished with emery 
paper. 
5.6 
5.3.2 H SO solutions 2 47" 
The addition of 2x 10- 
3MH2 
so 
4 to 
1M HC10 
produced some interesting changes in the form of the 
current-potential curves (fig. 5.6). While the reduc- 
tion peak at about 1.16 V is unaffected, the onset of 
surface oxidation of the gold at 1.28 V is moved about 
100 mV more positive. The shape of this sectioll of 
the curve is also modified. It is also of interest 
that the maxima attributed to contaminants now occur 
at 0.8 and 0 .7V rather than at 0.9 and 0.55 V. 
In 0.5 MH2 so 4 essentially the same curve is 
obtained as described above (fig. 5-7). The quantities 
of electricity passed in the oxidation and reduction of 
-the gold surface are very close to those observed in 
perchloric acid solution. It is probable that the 
interpretation of these curves given in Section 5.3.1 
is again applicable. 
In 0.25 MH2 so 4 
/0.25 M Na 2 so 4 and 
0 . 05 MH2 so 
0.45 M Na 2 so 4 solutions, after correcting 
for the 
changes in hydrogen ion concentration, the curves 
were identical with those obtained in 0.5 MH2 so 
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CHAFTER 
REDUCTION OF CrVI IN PERCHLORIC AND SULPHURIC ACID 
NA GOLD ELECTRODE SOLUTIONS 
-0. 
6.1 Introduction 
The-, object of this work was to study the kinetics 
and mechanism of the reduction of CrVI on a gold elec- 
trode. As described in Section 1.1t the use of perchloric 
acid as background electrolyte ensured that only four 
CrVI-containing species were present in solution. Work 
in sulphuric acid solutions is reported later. 
Using a R. D. E. the current-potential curves at 
constant rotation speed, the current-rotation speed 
relation at constant potential, and the dependence of 
the current on the concentration of HC10 4-' 
H2 so 
4 and 
the reacting ions was observed. Both steady-state and 
potential-sweep techniques were employed. Electro- 
chemical evidence for the formation of surface films 
was obtained and their presence confirmed by electron 
diffraction. 
6.2 Experimental 
The reduction of CrVI in HC10 4 at noble metal 
electrodes is very sensitive to the presence of other 
ions so that careful solution purification was necessary. 
Sulphate and phosphate ions had particularly marked 
effects. Since phosphate appeared to be present in 
triply distilled water, the alternative method of water 
purification, described in Section 3.10, was adopted. 
In the earlier work in HC10 4 solutions both the cell 
6.2 
and electrodes were cleaned using concentrated Analar 
sulphuric acid and this led to traces of the acid being 
present in the experimental solutions. After the effect 
of H2 SO 4 was recognised all experiments were 
carried 
out an sulphate-free solutions. 
The solutions contained between 5x 10 -5 and 
1x 10 -2 M CrVI and were 1M in C10 4- or 
0.5 M in S04 
2- 
as appropriate. The pH of the sojutions was varied by 
altering the ratio of HC10 4 to 
NaClO 
4' or of 
H2 SO 
4 
to 
Na 2 
so 
4* 
The perchloric acid was of Aristar grade; for 
the sweep measurements it was further purified by pre-- 
electrolysis. Analar NaClO 4-' 
Aristar sulphuric acid 
and Analar Na 2 
so 
4 were used without 
further purification. 
Triply recrystallised Analar K2 Cr 207 was used as 
the 
source of CrVI. 
A-11 potentials are with respect to a hydrogen 
electrode in the background solution. 
6.3 Steady-state results 
6.3.1 Results in HCJO 4 solutions 
Steady-state measurements were made by holding 
the electrode at the chosen potential until the current 
became almost constant. This process did not normally 
take more than two minutes although, as discussed later, 
prolonged treatment at more negative potentials caused 
the current to fall slowly with time. In the present 
work, the potential was not held long enough for this 
fall to occur. A polished electrode was used in all 
these steady-state measurements. 
6.3 
typical steady-state current-potential curve 
-2 obtained in a solution 10 M in CrVI and 1M in HC10 
and NaClO 4 is shown in Fip:,,. 
6.1 (curves a and a'). On 
making the potential more negative, no significant 
current is observed until the potential is about 0.65 V. 
The current then increases slowly up to a potential of 
about 0.5 V when it rises very abruptly. A limiting 
current is obtained at more negative potentials. When 
the potential is changed in the reverse direction, the 
limiting current is maintained up to about 0.6 V. At 
more positive potentials the current falls abruptly. 
and is close to zero at 0.65 V. This marked hysteresis 
is also observed in more dilute dichromate solutions 
but the potentials at which the abrupt rise and fall 
of the current occur become more positive as the 
dichromate concentration is reduced. The curves 
obtained in a 10- 
3M CrVI solution are shown as curves 
b and bI in Fig. 6.1. The difference in the plateau 
currents is discussed later. The mean potential 
between the current rise and fall decreases by about 
250 mV for a tenfold increase in the concentration of 
CrVI. Curves of similar form were obtained in solutions 
containing more and less perchloric acid. The inter- 
pretation of these cux-7es is discussed in Section 6.4.2. 
Nature of the limiting current 
A marked feature of these curves is the very flat 
plateau produced when the current reaches its limiting 
value. Such flat plateaux have been described prcviouslj 
6.4 
by Feigl and Knorr 
1.13 
. As described 
in Chapter 2, 
if this current is limited by mass transport, -- Plot 
I 
of cb/i against w- 
2 
should be linear and pass through 
the origin. Typical graphs obtained at-, 0.0 V with a 
variety of dichromate concentrations are shown in 
Figs 
.6 .2 ---Lnd 
6 
.3. The bc--,, ckground electz-olyte was 
1M HC10 
4' 
1MN,. -L C 10 4 
in Fig. 6.2 and 2M HC10 4 
in 
Fig. 6.3. The results obtained in 0.1 M HC10 4' 
1.9 M NaClO 
4 coincided with curve 
(c) of Fig. 6.2. 
The plots obtained at more positive potentials on 
the plateau were indistinguishable from these. It 
is important to note that in obtaining these results 
the potential was held at the chosen valUe for only 
about 2 minutes. 
In both backgx-ound electrolytes the plots are 
I linear but appear to give small intercepts at vif 
The cause of these intercepts is not clecar. They may 
indicate that the current plateau is the result of a 
preceding chemical step (see Chapter 2) or they mC-:; iy 
be the result of a deposit on the electrode surface 
6.1 
as explained later. The slopes of these plots vary 
with the dichromate concentration, espec-i. ally in the 
more acid solution. This variation in slope is equiva- 
lent to a departure from a first-order dependence of 
the limiting current on the dichromate concentration, 
as is apparent in Fig. 6.4, This diagram shows the 
relation between the logarithm of the dichromate con- 
centration and the logarithm of the limiting curron- 
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which should be linear with a slope of unity if the 
current is diffusion controlled. The results obtained 
in the most dilute acid almost satisfy this require- 
ment, as do those of Fiegl and Knorr 
1.13 
, 
but those 
from the more concentrated acid solutions do not, the 
discrepancy being most marked in 2M HC10 4. 
Haight, Richardson and Coburn 
1.6 
reported that CrVI 
decomposes to CrIII in solutions more than 1M in 
hydrogen ion, but they did not observe this phenomenon 
in less acid solutions. As reported in Chapter 4, a 
background concentration of CrIII was always detected 
in CrVI solutions containing 1M HC10 4* 
Visual and 
spectrophotometric examination showed that solutions 
of CrVI in 1 .0 and 2 .0M 
HC10 
4 rapidly produced some 
CrIII, the amount being proportional to the concentration 
of perchloric acid but varied with the batch of per- 
chloric acid employed. This suggests that some oxidis- 
able impurity was present in the perchloric acid. As 
reported in Chapter 5, it was subsequently discovered 
that this material could be removed by pre-electrolysis 
of the solution. No decomposition was detected in 
solutions 0.1 M in HC10 and 1.9 M in NaClO 44 
When the concentration of CrVI, as determined by 
analysis, was used in place of the apparent concentration, 
the logarithmic plots corresponding to 2M HC10 4 obeyed 
the first-order equation. It appears, therefore, that 
the limiting current for the reduction of CrVI in all 
the solutions studied varies linearly with the concen- 
tration of CrVI. 
6.6 
The results described above were obtained by hold- 
ing the potential at the chosen value for only about 2 
minutes. If the potential was held for longer periods, 
the current fell much more rapidly than would corres- 
pond to consumption of CrVI. The current could be 
raised to near its original value by anodic treatment, 
but a complete restox-ation of the original behaviour 
was obtained only by immersing the electrode in con- 
centrated sulphuric acid, followed by extensive washing 
in doubly distilled water. 
The relation between the current and rotation 
speed of the electrode obtained with an "inhibited" 
electrode is shown in Fig. 6.2, curve (d). The elec- 
trode used in this experiment had been held at 0V for 
not more than 15 minutes. In contrast to the results 
described earlier, this graph is not linear. The 
section at lower rotation speeds is almost parallel 
to curve (c) but would extrapolate to give a larger 
intercept at w= co. At higher rotation speeds the 
line curves towards curve (c). Curves of this type 
have been shown by Landsberg et al. 
6.1 
to correspond 
to an electrode with a partially blocked surface. It 
seems probable, therefore, that a film is present on 
the electrode surface at potentials corresponding to 
the limiting current plateau, its amount increasing 
slowly with time. The intercepts in all the plots of 
111 /i against /W2 may therefore be caused by the presence 
of this film. Further evidence for this film and an 
investigation into its nature are described in 
Section 6 .4 .2. 
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6.3.2 Stead state results in H2 SO 4- containing solutions 
True steady-state current-potential curves were 
difficult to obtain because prolonged changes in the 
current occurred over the potential dependent part 
of the curve. The detailed shape of the curves is 
therefore somewhat uncertain. 
Typical current-potential curves obtained in 
0.5 MH2 so 4 with 1 x 
10-2 and 1x 10- 
3 M CrVI are 
illustrated in Fig. 6-5. On making the potential 
progressively more negative in 1x 10-2 M CrVI the 
current began. to rise at potentials more negative than 
1.1 V, the final plateau being reached by 0.6 V. The 
positive-going current began to fall at 0.7 V, reach- 
ing zero at 1.1 V. In 1x 10- 
3M 
CrVI the behaviour 
was almost identical but the curve was shifted 50 mV 
more positive. 
In more dilute H2 so 4 solutions, the shape of the 
curve became more complex, Fig. 6.6. The potential- 
sweep results, reported in Section 6.4.2, indicate 
that this is almost certainly due to modification of 
a surface film with change in potential. In these 
more dilute H2 so 4 solutions the rise in current moves 
to more negative values. This effect was also observed 
by Feigl and Knorr 
1.13 
0 
A comparison between Figs. 6.1 and 6.5 illustrates 
the following points of difference between the reduc- 
tion behaviour in H2 so 4 and 
HC10 
4 solutions: 
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(i) At a given, constant CrVI concentration, 
the initial current rise occurs at more 
positive potentials, 1.1 V compared with 
0.65 V in 1x 10- 
2M CrVI. 
(ii) Less hysteresis is observed between the 
positive and negative-going sweeps. 
(iii) The shift Of the curve with increase in 
the CrVI concentration is much smaller. 
These observations are further investigated 
and discussed in Section 6.4. 
Nature of the final plateau 
Compared with the behaviour in HC10 4' the 
final 
plateau current, ip, tended to fall at a faster rate, 
particularly in the more dilute H2 so 4 solutions. 
Furthermore i was smaller in H2 SO 4 solutions 
than 
in HC10 4 and 
it decreased, at a given CrVI concentra- 
tion, as the H2 so 4 concentration was 
lowered. 
Addition of H2 so 4 to a 
lIC10 
4 solution 
(Section 6.4.2) 
also lowered i. p 
Graphs of b/i 
p 
against 
I /wI obtained in the 
more dilute sulphuric acid solutions, Fig. 6.7. showed 
greater curvature and a more pronounced intercept than 
corresponding plots in HC10 4' 
These diagrams also 
show that with more dilute CrVI concentrations, 
c b/i 
p 
decreased (i. e. ip relatively increased). This did 
not occur in 0.5 MH2 so 4' where a first order dependence 
of ip on CrVI concentration was obtained, Fig. 6.8. 
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These results strongly suggest that at potentials 
corresponding to the final plateaup an inhibiting film 
is again present in sulphuric acid containing solutions. 
Since the plateau currents observed in sulphuric acid 
solutions were smaller and the intercepts of the cb /i 
'/w-2-plots 
were greater than those observed against 
in perchloric acid solutions a more complete or more 
inhibiting film must be produced in the former case. 
In dilute acid solutions the extent of the inhibition 
increased as the CrVI concentration increased or the 
sulphuric acid concentration decreased. 
6.4 Swee measurements 
6-4.1 Introduction 
Insight into the processes occurring at potentials 
more pos: Lt3. ve than the final plateau was obtained by 
investigating the form of the current-potential curve 
obtained by applying a triangular potential sweep to 
the working electrode. These curves were obtained in 
solutions containing varying amounts of CrVI and showed 
features attributable to the formation and modification 
of a film on the electrode. A range of sweep speeds 
was employed initially but 100 mV see -1 proved to be 
most satisfactory: lower sweep speeds generally gave 
curves in which the features of interest were not 
clearly obvious, while at higher sweep rates these 
features were magnified, but the resulting distortion 
in the overall shape of the curves made them difficult 
to interpret. Only slight variability between the 
6.10 
results from sweep to sweep were observed4 The effect 
-ive limit of the sweep and of hold- of varying the posi-It. 
ing the electrode at various potentials was also 
examined. Modifications to the current-potential 
relation in background electrolyte after treatment 
in chromium containing solutions were observed. 
6.4.2 Sweep measurements in HC10 4 containing solutions 
The current-potential curve obtained in pure 1M 
HC10 
4 
is shown in Fig. 6.9 while the curves obtained 
after adding small amounts of CrVI to this solution 
are shown in Fig. 6.10. The section of the curve 
beginning at about 1.3 V on the positive-going sweep 
and attributed to the formation of a layer of Au 203 
on the gold surface, begins at the same potential and 
shows only slight changes in form when CrVI is added 
to the solution. However, the quantity of electricity 
required to oxidise the gold. surface is decreased 
slightly. Since there is no evidence for the reduction 
of CrVI at these potentials and the quantity of elec- 
tricity involved in the reduction of the surface oxide 
is not altered, it is possible that some oxida-ICion of 
the gold surface by CrVI occurs. The maxima at about 
0.5 V and 0.95 V on the negative and positive-going 
sweeps respectively do not appear to be affected by 
the addition of CrVI to the solutions, but some new 
peaks are observed. On the positive-going sweep there 
is the suggestion of a maximum at 1.15 V, while on the 
negative-going sweep a maximum of 0.88 V with a shoulder 
at 0.95 V (Fig. 6.10, curve (b)). 
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The curves observed in a solutlon containing 
10- 3M CrVI have essentially the same form as described 
above (Fig. 6.11, curve (a)). The hysteresis between 
the positive and negative-going sweeps is however 
larger, while the maximum originally at 0.88 V is 
occurring near to 0.83 V. By restricting the -anodic 
limit of the scan to 1.3 V, the complications introduced 
by oxidation of the electrode surface are avoided and 
the re, sulting curve, Fig. 6.11b, shows the features 
described above without those due to oxidation and 
reduction of the gold surface. In all other respects 
this curve is closely similar to that described earlierp 
Fig. 6.11a. The various maxima can be seen more clearly 
at a faster sweep rate (Fig. 6.12) but the overall 
current-potential relationship is more distorted. 
A marked change in the form of the current-potential 
curve resulted from increasing the dichromate concentra- 
tion to 1x 10 -2 Mjp Fig. 6.13. On the negative-going 
curve, reduction begins at about 1.1 V but this process 
suffers inhibition at about 0.95 V. the current falling 
to a lower value. This is presumably the first branch 
of the reduction process as described in Section 1.3. 
This inhibition is presumably due to the formation of a 
film (film A) which undergoes modification., to form 
film B, at about 0.6 V when the current rises abruptly 
to its limiting value. Evidence for the presence of 
film B will be discussed later; it must clearly be 
less inhibiting than film A. On the positive-going 
aweep, the I±m±ting oux-rent is ma±nta±ned up to abouA 
0.78 17 whe-n the current falls steeply to a very low 
valucý,, probably -,, s a consequence of the reformation 
of film A. Some o-P this film must be removed during 
the time the clectrod3 is at more positive potentials, 
since the --)eak at 0.95 V is repeated on 3uccessive 
sweepE-. The sharp peaks on the rising and falling 
t 
secticns of these curves tLre _orobabl,., - caused 
by a 
combination of overshoot of the reco. rder and current 
maxima for the layer modification processes. 
A clearer understanding of the -processes occur- 
ring wic obtained by studying the ef.. 'ect of holding 
the electrode for '10 minutes at various anodic poten- 
tial, --,, Fig. 6.14, The results were -. little variable 
but th(- -first negative-going curves cbtained in these 
experiments clearly showed the following features. 
(i) After pretreatment at 1.3 or 1.35 V almost 
identical curves were obtained. The shape of these 
curves -tlong with the fact that in tha absence of this 
pretreatment the electrc-de displayed the relatively 
inactive behaviour of Fig. 6.13, suggests that these pre- 
treatments must remove film A. The reduction therefore 
probablj occurs initially on a clean surface but some 
inhibition is observed at potentials below 0.93 V. 
(i. 
-) 
After pretreatment at 1.2 V the current 
between 1.2 and 0.9 V is again much hlo-her than that 
obta3. ne(-, ' by continuous sweeping (Fig. 6.15) but rather 
lower t1han in the above cases. This ý, uggests that the 
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inhibiting layer A is not completely removed at this 
potential. Moreover the reaction is much more seriously 
inhibited below 0.9 V, the current displaying a maximum 
at about 0.88 V and falling to a low value at 0.75 V. 
This inhibition is attributed to the formation of 
further amounts of film A. The subsequent reduction 
of A to B is observed at about 0.5 V. 
(iii) After pretreatment at 1.1 V the electrode 
is much less active, only a small max3. mum. in the current 
being obtained, but the activity was higher than 
observed with continuous sweeping. Pretreatment at 
1.0 V produced a virtually inaibited electro4ev the 
curve obtained being almost ident2-ca-l with that 
obtained by continuous sweeping. 
(iv) Pretreatment at 1.4 V gives an apparently 
anomalous result but this may be associated with oxida- 
tion of the gold surface. 
We can therefore conclude that in 1x 10-2 m 
CrVI solutions the inhibiting layer (A) begins to be 
removed, presumably by reoxidation. between 1.0 and 
1.1 V and that it is almost completely removed by 
1.3 V. Under the conditions applying at a sweep rate 
of 100 mV per second reformat-Lon of this layer begins 
at potentials below about 0.93 V and the reformation 
is almost complete by 0.75 V. Reduction of this layer 
to a less inhibiting form (film B) cccurs at potentials 
below about 0.65 V and is complete by 0.4 V, Fig. 6.14. 
A diagrammatic representation of these conclusions is 
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presented in Fig. 6.16A, where the broken lines 
represent deductions drawn from steady-state experiments 
and the continuous lines those from sweep measurements. 
Since the processes represented could not be studied 
in iBolation from the reduction of dichromate, the 
potential limits are necessarily approximate. 
The subsequent positive-going sweep was essentially 
independent of the pretreatment (Fig. 6.15). The cur- 
rent remains at the limiting value up to a potentir-l of 
about 0.78 V and then falls rapidly, becoming almost 
zero by about 0.88 V. As suggested earlier this fall 
in the current probably corresponds to reoxidation of 
-h- film B to A. Since some reoxidation could occur wit 
out the current falling from its limiting value, the 
potential at which it begins cannot be established 
from these results; it must however be almost comple-'ý-. e 
by 0.88 V. 
The next negative-going sweep was indistinguish- 
able from subsequent sweeps for a given anodic lim6t 
of the potential scan, Fig. 6.15. With anodic poten- 
Llials more positive than 1.2 Va small current mAximum 
was observed at about 0.93 V indicating that come 
removal of film A occurs during sweeping to these more 
positive potentials. At 1.2 V and lower potentials 
the curve showed the electrode to be almost completely 
passivated. The contrast between these results and 
those obtained following holding the electrode at 
tive potentials shows that film removal is slow. 
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The conclusions on the layer formation and modific- 
ation processes, illustrated in Fig. 6.16A, are in 
accord with the steady-state results reported in 
Section 6.3.1. The current rise beginning at about 
0.65 Vp Fig. 6.1, presumably corresponds to the onset 
of reduction of film A; this process is probably com- 
pleted by 0.47 V when the current reaches its limiting 
value. Similarly the current fall beginning at 0.57 V 
is attributed to the reoxidation of B to A, whi%.. h is 
complete by about 0.68 V. The onset of the reoxidation 
process during a potential sweep presumably also bogins 
at 0.57 V- 
The curves obtained in 1x -10-3 M CrVI solutions 
can also be explained in terms of similar layer forma- 
tion and removal processes. These processes are how- 
ever less easy to identify because, as will be shown 
later, they occur over a much narrower potential range 
and the current involved in these surface processes 
was comparable to that involved in the reduction of 
Crvi. 
The first negative-going curves obtained after 
- anodic holding the electrode for 5 minutes at different 
potentials are shown in Fig. 6.17 and show the following 
features: 
(i) The curves obtained after holding at 1.3 and 
1.2 V are very similar and presumably correspond -to 
initial reduction on a clean surface with some inhi-, )- 
ition being seen at 0.99 V. 
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(Ii) After holding at less positive potertials 
down to 0.15 V, the reduction of CrVI appears to be 
inhibited, the extent of the inhibition increasing as 
the potential is reduced. 
The inhibition produced by holding at 0.90 V 
is slightly less than that at 0.95 V as shown by the 
somewhat higher value of the current at 0.90 V. 
(iv) Little inhibition is evident after holding 
at 0.80 V. 
(v) A oalhodic peak is present on most of the 
curves-, the magnitude of this peak increases as the 
pretreatment potential is decreased down to 0.95 VP 
and decreases again. 
The results strongly suggest, as shown diagram- 
matically in Fig. 6.16B that an essentially film-free 
surface is produced by holding the electrode at 1.2 or 
1.3 V. At potentials less positive than 1.2 V to 1.1 V 
an inhibiting film (A) must be slowly formed on the 
electrode surface as one product of the reduction 
process. This film can subsequently be reduced further 
to a less inhibiting form (B), giving rise to the peak 
in the curront-potential curve and allowing the reduc- 
tion current to rise rapidly. The subsequent reduc- 
tion of the film presumably begins between 0.90 V and 
0.95 V. This process is again not very rapid as shown by 
the drawn-out nature of the maxima and the fact that 
at 100 -nV sec -1 scan rate the reduction is not complete 
until about 0.55 V, whereas under steady state conditions 
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it muf-, t be complete by 0.75 V (Fig. 6.1). As demon- 
strated later, this film or some further modification 
presuriably remains on the electrode at more cathodic 
potenlials. 
The subsequent positive-going sweep after the 
initial curves described above, was independent of 
the previous anodic pretreatment (Fig. 6.18) and the 
_egC next r -Ltive-going sweep was again reproducible., 
provided that a constant anodic limit was maintained. 
The ill-defined nature of these curves makes their 
detailed interpretation difficult but the following 
conclusions seem justified. 
(i) Since the current fall on the positive- 
going curve occurs at potentials more positive than 
0.8 V the oxidation of B to A must begin in this neigh- 
bourhood: it is probably complete by about 1.05 V. 
(ii) The slight maximum, after sweeping to 1.3 V, 
between 1.15 and 1.05 V probably corresponds to the 
redeposition of film A, part of which has been removed 
in the POsitive-going sweep. 
(iii) The peak occurring at about 0.85 to 0.8 V 
is associated with the reduction of A to B. 
These conclusions, along with those drawn from the 
steady-state results, Fig. 6.1, are summarised in Fig. 
6.16B. The pattern of behaviour is similar to that 
observed in 1x 10 -2 M CrVI solutions. 
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Evidence for the existence of a film at negative potentials 
In the foregoing it has been assumed that a film 
is present on the electrode at potentials corresponding 
to the limiting current. The existence of a film would 
be consistent with the intercepts shown in Figs. 6.2 
and 6.3. Evidence for the presence of a film, after 
holding the electrode for 5 minutes at 0.0 V, is shown 
in Fig. 6.19. The anodic maximum at -Dpproximately 
was present only on the first positive-going 
sweep : following this treatment. It presumably corres- 
ponds to the oxidation and removal of a film produced 
by the cathodic polarisation. 
Potential sweeps in the background electrolyte 
after cathodic polar-isatiola at 0.0 V in 1x 10- 
2m 
CrVIq 1M HC10 
4 also showed the presence of an anodic 
maximum at approximately +1.15 V. In these experiments, 
after the cathodic polarisation, the electrode was 
switched to open circuit, removed from the cell and 
well Washed with 2x distilled water prior to record- 
ing the current-potential relationship in the background 
electrolyte. The resulting curve is compared with that 
obtained with a clean gold electrode in Fig. 6.20. For 
clarity, the results shown were obtained with an etched 
gold electrode, but essentially similar results were 
observed with polished electrodes. The peak at +1-15 V 
is again apparent while the presence of a corresponding 
reduct'. on process is indicated in the negative-going 
curve. The section of the curve corresponding to the 
19 
surface oxidation of gold is virtually identical in 
AO 
both curves. The cathodic process is more readily 
seen in experiments where the anodic sweep limit was 
restricted to +1.3 V, Fig. 6.21. 
The anodic oxidation must convert the film to a 
soluble product since on rotating the electrode, 
while the first positive-going sweep showed the 
presence of a maximum, subsequent negative and 
positive-going sweeps were identical to those 
obtained with a clean gold electrode. 
It would be attractive to associate the enodic 
maximum at 1.15 V with the oxidation and removal of 
film A. Since however the former ox-4da-', -, ion and 
removal process occurred rapidly and did not -Lead 
to enhanced electrode activity (Fig. 6.19), this 
film (C) is prob, -:: ibly additional to films A and B. 
The quantity of electricity in -the anodi-c peak o--7* 
-2 Fig. 6.19 was onlY 750 ýiC om , indic--ting that on! y 
a small amount of reoxidisable ma', erial was present 
on the electrode surface, the greater part of the 
surface could still be covered by f., -Jm B. The quan- 
tity o-., F electricity involved in the corresponding 
anodic maximum in the background electrolyte, Fig. 6,20, 
-2 was only 400 4C cm even though this followed longer 
pretreatment at 0.0 V. This is consistont with some 
oxidation and removal of C occurring while the elec- 
trode was on open circuit. 
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It is to be expected that during the pe: fiod on 
open circuit film B present on the surface would be 
reoxidised to A. Since no peak attributable to the 
oxidation and removal of A was observed in -, he back- 
ground electrolyte and yet the oxidation of gold was 
unaffected by previous cathodic pretreatment, it must 
be concluded that this film is either soluble in 
HC10 
4 or 
is removed during the period the electrode 
was on open circuit. 
The electron diffraction pattern obtained from 
'ter 90 minutes electrolysis at a gold electrode a-A'- 
0.2 V in 1x 10- 
2M CrITI, 1M HC10 
4 showed 
lines 
additional to those for gold, indicating the presence 
of a film. Modification of this film occurred after 
the same electrode was further electrolysed at 1.0 V 
for 60 minutes, Fig. 6.22. 
Kinetics of the reduction process 
Since in 1x 10-- 
2M 
CrVI solutions, pretreatment 
at 1.3 or 1.35 V apparently allowed reduction of CrVI 
to occur initially on a bare surface, the first part 
of the subsequent potential sweep can be used to obtal-n 
kinetic data on the reduction process. Because the 
section of the curve employed lies near the foot of 
the wave the correction for mass transport should be 
small and has been omitted. A plot of 3-og i against 
potential is shown in Fig. 6.23, curve (a), and is 
satisfactorily linear between 1.05 and 0.93 V. This 
line has a slope of approximately 100 mV per decade 
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implying a transfer coefficient of 0-59Y which is con- 
sistent with the rate determining step being a simple 
single electron transfer process. 
In 1x 10-3 M CrVI solutions, as is obvious from 
Fig. 6.16(B), the reduction of CrVI is always accom- 
panied by film formation or modification processes. 
Under thsse circumstances, part of the observed cur- 
rent will be due to these latter processes and con- 
sequently it is not possible to obtain a very good 
Tafel plot. As shown in Fig. 6.23 (curve (a)) the 
reaction rate is decreased by lowering the chromium 
concentration but the above considerations preclude 
any reliable determination of the order of the 
reaction. 
6.4.3 Sweep measurements in H2 SO 4 containing solutions 
2' The ef-Lects of adding small amounts of a concen. - 
trated H2 so 
4 solution to a solution of 
1x 10 -2 M CrVI, 
1M HC10 
4 are shown 
in Fig. 6.24. A noticeable con- 
sequence of adding H2 so 4 was that the slight variability 
in the results obtained in pure HC10 4 was almost 
entirely removed. The maximum at 0.94 V, attributed 
in HC10 
4 containing solutions to inhibition of the 
reduction by the formation of film A, is essentially 
unaltered in potential by the addition of H2 so 4' 
How- 
ever its height increases markedly from 0.20 mA in pure 
HC10 4 to 
0.32 mA in a solution 5x 10-4 M in H2 so 4* 
Increase in the concentration of H2 so 4 to 4x 10- 
2 M. 
however, raised this current to only 0.40 mA (Fig. 6,221, 
curve (c)) . 
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Ar. obscr7red in HC10 4 solutions 
(Section 6.4.2) 
anodic pretreatment (4 minutes at 1.4 V) increased 
the height of this maximum, Fig. 6.25, curve 
compared with that obtained during sweepingt Fig. 6.25P 
curve (a), but in contrast to the results in HC10 
solutions no peak for the reduction of gold oxide 
was obtained. However in H2 so 4 containing solutions, 
oxidation of gold did not occur to a significant 
extent below 1.4 Vp Fig. 5.6. More anodic pretreat- 
ment at 1.8 V, that is, at potentials where the gold 
is oxidised, lowered the height of this first maximum 
and inh-i-bited the second rise in current, Fig. 6.25, 
curve (c). The same effect was observed in HC10 
solutions following oxidation of the gold, and was 
attributed to slight differences in surface state 
following oxidation. 
The potential at which the second rise in current 
occurs was very markedly affected by the addition of 
H2 so 
4' 
being moved more positive by about 150 mV by 
making the solution 5x 10 -4 M in H2 SO 4. 
Since the 
potential corresponding to the current fall on the 
positive-going sweep was largely unaffected, the 
hysteresis was therefore decreased. 
Following addition oil H2 SO 4 
the plateau current 
was much lower than could be accounted for by simple 
dilution. Holding at 0.0 V caused a greater fall in 
current than observed in HCJO 4 solutions, although the 
initip, ] -, -a3-ue could be restored by sweeping to 1.4 V 
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or leaving the electrode on open circuit. This obser- 
vation reinforces the view expressed in Section 6.3.2 
that when on the final plateau greater film deposition 
occurs, or a more inhibiting film is produced, in H2 so 
solutions . 
These results can be interpreted in a similar manner 
t4 to those obtained in HC10 4 solutions, 
that is ini _, _ally 
redu, --tion of C-rVI occurs at potentials below 1.15 Vý 
but -. s inhibited at about 0.95 V by film deposition. 
Subsc-quent reduction of this film (A), to a less 
inhibiting form (BI), occurs at more negative potentials. 
The presence of sulphate or bisulphate ions must modify 
the properties of A', since as has been clearly shown, 
it. ---, reduction occurs very much more easily in sulphate 
containing solutions. The more reversible oxidation 
and reduction of A' accounts for the decreased hysteresis. 
Reoxidation and removal of A' occurs slowly at more 
pocitive potentials, the surface coverage of A' being 
reduced for example by holding at 1.4 V for 4 minutes, 
Fig. 6.25, curve (b). Anodic pretreatment at potentials 
positive enough to oxidise the gold, adversely affects 
the condition of the electrode surface, as observed in 
HC10 4 solutions. 
The fall in current observed if the electrode is 
held at potentials on the plateau, must be due to 
inhibition caused by the production either of large 
amounts of BI or of another reduction product (CI) 
which inhibits the process. 
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The current-potential curve obtained in 1x 10 
-3 m 
CrVI, 0.5 MH2 so 4 at 
100 mV sec- 
1 
is shown in Fig. 6.26, 
curve (a). Following sweeping to 1.4 V the initial 
increase in current occurs at approximately 1.19 V, 
some inhibition is apparent at 1.1 V but a separate 
maximum is not observed because the second rise in 
current follows at 1.02 V. The fall in current from 
the plateau occurs at potentials more positive than 
0.86 V. The maxima at about 0.6 and 0.8 V were present 
in the sweeps in 0.5 MH2 Sc 4 alone, 
Fig. 5.7. 
The behaviour following sweeping at different 
anodic limits is shown in Fig. 6.27. In these measure- 
ments a lower rotation speed was employed to improve 
the resolution of the curve. As observed at the highex- 
rotation speed some inhibition presumably due to the 
formation of A' is observed at 1.1 V. This process 
merges with the reduction of A' to BI at approximately 
1.0 V and consequently the negative limit of the pro- 
duction of A' cannot be established. under these con- 
ditions. Reduction of A' to BI clearly begins at 1.0 V 
and is almost complete by about 0.75 V. 
Oxidation of BI to A' does not begin until poten- 
tials more positive than 0.9 V, but must be complete 
by 1.1 V because the negative. -going sweep is unaltered 
after swoeping to 1.2 V. Removal of A' appears to begin 
at potentials close to 1.1 V, since the negative-going 
curve rises above the Positive-going one at this poten- 
tial. Where this process ends is not clear because 
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sweeping to more positive potentials resultB in oxida- 
tion of the gold which introduces complications into 
the subsequent negative-going sweep. Howeverp sweeping 
to 1 .8V 
(with a rotation speed of 1000 r. p. m. 
) 
, Fig. 
6.26b, shows that the area associated with the oxidc-:;,, tion 
of gold is modified in the presence of CrVI, Fig. 6.26c. 
This modification is presumably caused by the progres- 
sive oxidation and removal of A'. 
Better separation of the first current maximum is 
seen by using a sweep rate of 10 mV sec -1 v Fig. 
6.289 
the formation of A' occurring between 1.13 and 1.02 V. 
Removal of A' is not complete by 1.3 V, since sweeping 
to 1.4 V further increases the magnitude of t'ýle cathodic 
maximum at 1.1 V. The removal of A' therefore appears 
to be a slow process. Fig. 6.29 summarises the poten- 
tials at which these processes occur. 
Evidence for the presence of a film at negative 
potentials was again obtained by recording the current- 
voltage curve in 0.5 MH2 so 4 after 
holding the electrode 
at 0.0 V for 75 minutes in 1x 10- 
3M CrVI, 0.5 MH2 so 
4' 
Fig. 6.30. As observed in HC10 4' 
Section 6.4.2., when 
the potential was swept from 0.0 V an anodic peak was 
observed at 1.15 V. The peak height was proportional 
to sweep rate indicating that the process was a surface 
phenomenon and presumably corresponds to the oxidation 
of similar material to that produced under comparable 
conditions in HC10 4 Solutions. 
In spite of the presence 
of this peak, sweeping to 1.8 V indicated that the 
6.26 
oxidation of gold was essentially the same as that 
obtained in 0.5 MH2 so 4 alone, Fig. 
6.26c. Since as 
shown in Fig. 6.26, the presence of A, modifies the 
section of the curve corresponding to the oxidation 
of gold and there is no evidence in Fig. 6.30 for 
the uxidation and removal of A', it must ag,, 4in be 
concluded that this substance is removed either during 
the period the electrode was on open circuit, or by 
dissolution in the background electrolyte. 
Fig. 6.31 is a typical 100 mV sec -1 sweep obtained 
in 1x 10- 2M CrVI, 0.5 MH2 so 
4* 
Compared with the 
behaviour of 1x 10- 
2M 
CrVI in 1M HC10 
4' 
Fig. 6.13 
or 6,15, removal of film A' appears to be more diffi- 
cult, since the cathodic current between 1.2 and 1.0 V 
is lower in the former case. However further reduction 
of A' to BI and the reverse reaction are much more 
reversible in H2 so 4 solution. 
The further formation of A' may be seen at approx- 
imately 1.1 V. Reduction of A' to BI has probably 
started by 0.95 V, this process being almost complete 
by 0.6 V. Reoxidation of BI to A' probably occurs over 
the potential range 0.8 to 1.0 V. 
The potentials of film deposition and modification 
are summarised in Fig. 6.29A. They follow the trend 
established in HC10 4. of 
film formation and modification 
potentials moving more negative in more concentrated 
CrVI solutions. 
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In 1x 10-3 M CrVI, 0.25 MH2 so 
4' 
0.25 M Na 
2 
so 
4" 
Fig. 6.32, ý--), t 10 mV sec 
-1 the reduction begins at 
1.15 V and deposition of A' first modifies the rate 
at approximately 1.03 V. Reduction of A' to B' is 
superimposed on this at 0.95 V and is complete by 
0.76 V. Reoxidation of PI to A' occurs at potentials 
more positive than 0.82 V and is complete by 1.0 V. 
At 100 mV sec- 
1, 
Fig. 6.32, there is some evidence 
foif, the oxidation and removal of A' at Potentials 
more positive than 1.2 V. Deposition of A' occuxs 
more negative to 1.03 V and reduction of A' to B' 
at approximately 0.95 V being complete by 0.75 V. 
Oxidation of BI to A' takes place at 0.83 V and is 
complete by 1.05 V. Fig. 6.29 summarises these 
results. 
6.5 Conclusions 
The results in HCIO 4 solutions show 
that after 
anodic pretreatment in a particular potential range 
an essentially film-free surface appears to be pro- 
duced. Reduction of CrVI on this surface occurs 
readily but as the potential is made more negative 
an inhibiting film (A) begins to form. If this film 
is allowed to reach its equilibrium state it produces 
severe inhibition of the electrode reaction. At still 
more negative potentials however further reduction of 
this film to a less inhibiting form (B) apparently 
occurs which allows the reaction to proceed at a 
higher rate. At very negative potentials an additional 
6.28 
deposit (C) is slowly formed on the electrode surface 
and decreases the rate of the electrode reaction. 
On making the potential more positivev reoxidation 
of B to A occurs with a consequent fall in the cur- 
rent. Reoxidation and removal of films A and C takes 
place at sufficiently positive potentials. After 
prior anodic oxidation of the gold, reduction of the 
surface oxide and CrVI appear to occur simultaneously 
in dilute solutions of CrVI. In 1x 10 -2 M CrVI 
solutions however some interaction between gold oxide 
and film A is apparent, leading to a somewhat more 
inhibited electrode. 
A similar pattern of behaviour was observed in 
H2 so 
4 solutions. 
This acid is, however, more effec- 
tive than HC10 4 
in promoting reduction of CrVI because 
the inhibiting layer (A') is converted to its less 
inhibiting form (BI) at more positive potentials than 
in HC10 4 solutions 
(compare Figs. 6.16 and 6.29). 
Since addition of small amounts of H2 SO 4 to 
HC10 
4 
solutions caused a marked shift in the potential for 
the reduction of film A it is presumably the sulphate 
ion (or HSO 
4- 
), rather than the hydrogen ion, which 
is responsible for the easier reduction of this layer. 
This is confirmed by the fact that although the hydrogen 
ion concentration in 0.5 MH2 so 4 
is substantially lower 
than that in 1M HC10 4' 
the reduction of the inhibiting 
film occurs at more positive potentials in the former 
case. The material produced at negative potentials (C') 
6.29 
may be the same substance as formed in HC10 4 solutions 
since it is oxidised at the same potential. However 
it produces greater inhibition in H2 SO 4 solutions as 
indicated by the lower ip values and larger intercepts 
11 
in the graphs of 
cb 
/i against 
I-v? Since iP increases 
p 
as the H 2SO4 concentration 
increases, it is likely that 
the hydrogen ion hinders the formation of this layer. 
By con-Llrast, the sulphate ion must promote the forma- 
tion of this layer or modify its structure since addi- 
tion of H2 so 4 to HC10 4 decreases 
i 
The current-potential curves obtained in the 
present work had the same general form as reported 
by many previous workers. In agreement with Okada et 
1 
. 
19 
al. . Lt has been found that 
in more concentrated 
CrVI solutions oxidised gold is reduced prior to the 
reduction of CrVI. It appears however that the first 
branch of the current-voltage curve is due, not to 
the reduction of oxidised gold, but results from the 
-inhibition of CrVI reduction by a surface film. 
Although the solution compositions employed here 
were different from those used in most earlier work 
the theories propounded by previous authors, if they 
are to be generally applicable, should explain the 
pre-sent results. 
With the exception of Weiner'. 
17 
all earlier 
workers agree that a film is present on the gold surface 
at all potentials; its nature varying with potential. 
This is -Ln gencral agreement with the present results 
6.30 
although it appears that under ccrtain conditions a 
film-free surface is obtained over a narrow potential 
range, Section 6.4.2. Weiner maintained that the film 
dissolved in solutions containing foreign anions; this 
view appearB to be in complete conflict with the 
present work. 
Reinkowski and Knorr 
1.16 
and Gerischer and Ka'ppell-15 
all suggest that the film participcates in the electrode 
reaction; a view which is not shared by F-'Legl and 
1.13Y1.20 
Knorr The results reported here indicate 
that film A or A' does not participate in the electrode 
reaction since the steady-state currents, obtained in 
its presence, are practically zero. No evidence is 
available to indicate whether films B and C (or BI 
and CI) do or do not participate in the electrode 
reaction. 
The role of foreign anions has been interpreted 
in the : following ways: 
(a) Reinkowskii and Knorr 
1.16 
suggest that the 
film formed in the presence of anions differs in com- 
position from that produced in their absence and is 
capable of further reduction. 
(b) Gerischer and Ka"p. pel 
1.15 
propose that foreign 
ana-ons do not alter the composition of the film but are 
involved in its further reduction. 
(c) Fis--gl and Knorr 
1.13,1.20 
believe that added 
acids can inhibit the formation of the film as a con- 
sequence of both the increase in hydrogen ion concentration 
6.31 
and through the formation of soluble CrIII complexes; 
the sulphate ion but not the perchlorate ion was said 
to operate in this manner. No clear evidence has been 
obtained to support or reject (a) or (b). The hydrogen 
ion has been shown to inhibit the formation of film C 
(or Cl) whereas sulphate ion appears to promote the 
formation of these films, although it facilitates 
reduction of A or A'. 
Differing views have been expressed as to whether 
the surface film is porous. Film A or A' is almost 
certainly not since it is capable of completely inhibit- 
Ing the electrode reaction. No evidence is available 
as to the nature of film B or BI. Film C or C' appears 
to be porous sInce film A or A' can be removed from the 
8urface without prior removal of 
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CHAPTER 7 
THE ELECTROCHEMICAL BEHAVIOUR OF VARIOUS TYPES OF 
GRAPHITE IN PERCHLORIC AND SULPHURIC AUD SOLUTIONS 
7.1 Introduc_ticn 
These experiments were designed to assess the 
SU3. ta ility of several types of graphite as electrode 
materials. Current-potential curves were obtained in 
the background electrolytes, to determine the potential 
ranges over which the graphites behaved as inert elec- 
trodes, and to study the ease of oxidation of the 
graphite surface. It was found that the insulating 
material used on the electrode sometimes affected the 
results obtained and thus a selection of insulators 
was examined. 
Three types of graphite were employed, spectro- 
scopically pure graphite (Johnson Matthey Ltd. ), glassy 
carbon (Vitreous Carbons Ltd. ) and pyrolytic graphite 
(Le Carbone Ltd. ). 
Spectroscopically pure graphite is amorphous and 
porous making it difficult to remove polishing material 
and reaction products from its surface. Glassy carbon 
is a hard amorphous material, capable of accepting a 
high polish. The surface of this material contains 
small closed pores which give rise to a high double- 
layer capacity and tend to retain reaction products 
and polishing materials. Pyrolytic graphite'has a 
highly ordered structure, the hexagonal graphitic 
layers being arranged in almost parallel planes. 
7.2 
It is essentially non-porous at right angles to the 
layer planes but is permeable between the planes and 
excessive penetration by the solution can cause split- 
ting. When the faces of the layer planes are used as 
the electrode surface, this material has the great 
advantage that a reproduciblet fresh surface can be 
readily produced by removing a few layers of graphite. 
A reproducible, clean surface is very difficult to 
achieve with either spectroscopically pure graphite 
or glassy carbon. 
Pxrolytic Graphite (PG) 
This type of graphite is now a widely used elec- 
trod(--- material. However, problems have been encountered 
in preparing a reproducible electrode surface. 
Mamantov, Freeman, Miller and Zittel7-1 have 
studied the behaviour of PG in 1.0 MH2 so 4* These 
workers reported that oxidation of the electrode at 
potentials more positive than +1.2 V produced a 
cathodic peak at +0.4 V. This they suggested was 
caused by reduction of an oxide film although they 
could not detect its presence by electron diffraction. 
The method of surface preparation of the graphite was 
not described. 
Panzer and Elving 
7.2 have shown that the electro- 
chemical behaviour of FG depends on the type (i. e. the 
supplier and method of manufacture) of graphite and the 
method of surface preparation. Bauer, Spritzer and 
Elving 
7.3 
also reached this conclusion and furthermore 
7.3 
reported extremely irreproducible double-layer capaci- 
tance measurements. Miller and Zitte, 
7.4 
suggested 
that a reproducible surface could be obtained only by 
resurfacing the PG by cleaving off the old surface. 
It appears likelY7.2P7.597.6 that the observed 
variation in the behaviour of FG is due to different 
numbers of edge planes being exposed to the solution. 
This is dependent upon the type and dur, tion of the 
electrode surface preparation, which may also modify 
the number of oxidised reaction sites on the graphite 
surface 
7.2 
a 
PG obtained from the same manufacturers as that 
used in this work was found by Brennan and Brown 
7.7 
to have an apparent double layer capacitance of 1397 PF 
cm- 
2 (edges) and 109 PF cM- 
2 (faces - prepared by 
flaking-off a layer of graphite). These values dropped 
to 629 and 45 pF cm- 
2 
respectively after cathodic 
polarisation at -0.8 V. The values reported are the 
averages of those obtained at sweep rates of 0.3,1*0 
and 3.0 V sec- 
1. 
These workers also found that pyro- 
lytic graphite with exposed edges was more active with 
respect to hydrogen evolution than the FG face surface. 
Similarly Morcos and Yeager7.8 reported that the 
edges were more active than the faces in promoting 
oxygen evolution. 
Glassy-Carbon 
7.7 Brennan and Brown . using glassy 
(vitreous) 
carbon from the same source as used in this study, 
7.4 
report that its activity with respect to hydrogen 
evolution is similar to that observed with FG (edges). 
Its capacitance was 821 pF cm" 
2, 
or 386 pF cm- 
2 
follow- 
ing cathodic pretreatment. Measurement conditions were 
as described for PG. 
Zittel and Miller 
7.9 
report a usable potential 
range of approximately +1.0 to -1.1 V for a glassy 
carbon electrode in 0.1 NH2 so 
7.2 Rest; lts and Discussion 
ý9pectrosco-pically purt- , graphite 
Reproducible current-potential relationships could 
not be obtained with this material even under steady- 
state conditions. 
typical steady-state current-potential curve 
in 1M HC10 
4 
is however shown in Fig. 7.1. Hydrogen 
evolution begins at -0.8 V and oxygen evolution at +1.4 V. 
After anodic pretreatment a cathodic maximum was observed 
at +0.4 V. However since the curves were not reproduc- 
ible, detailed work was not carried out using this 
electrode material. 
(ii) Glassy Carbon 
Fig. 7.2 shows the current-potential relation 
- rod, ý obtained in 1M HC10 4' using a glassy carbon elec4. 
insulated with Hostaflon, A sweep rate of 20 mV s- 
was employed and the solution purified with active 
charcoal. Hydrogen evolution occurs at potentials below 
about -0.9 V and oxygen evolution at about +1.6 V. 
Between 0.0 and +0.8 Vp a fairly flat plateau is 
7.5 
present on the positivE going sweep; a corresponding 
plateau is observed between 0.0 and -0.7 V on the 
negative going sweep. The plateau on the negative 
going sweep develops into a clear maximum by sweeping 
the potential to +1.5 Vp Fig. 7.2, curve 
Repeated sweeps to this potential, increase the height 
of the maximum, and a further maximum appears on the 
anodic side at +1.4 V. The quantity of electricity 
consumed on the anodic and cathodic sweeps is the 
same, and is 0.1 coulombs cm -2 0 
All the maxima reported are independent of rota- 
tion speed but increase with sweep rate. They are 
therefore surface phenomena. It appears that the 
surface of glassy carbon may be oxidised at potentials 
more positive that 0 V, rapid oxidation occurring more 
positive than 1.0 V. Subsequent oxide reduction takes 
place at potentials more negative than +0.6 V, the 
process reaching a maximum rate at P-0-3 V. 
The double-layer capacitance, calculated between 
0.0 and -0.3 V is 1,200 pF cm -2 ; Brennan and Brown7-7 
report a value of 821 pF cm -2 . The usable potential 
range of approximately +1.0 to -0.8 V 
(Fig. 7.2) com- 
7.9 
pares well with that obtained by Zittel and Miller 
However the effect of the pores, causing a large 
double-layer capacity and contamination effects suggested 
that glassy carbon would be unsuitable for studying the 
reduction of CrVI. 
7.6 
(iii) Pyrolytic graphite in HC10 and H2 SO 4 
The behaviour of pyrolytic graphite was found to 
depend on the nature of the insulator employed, the 
orientation of the graphite and the purity of both 
the solution and of the electrode surface. 
The effect of solution/surface impurities is 
shown in Fig. 7.3. These results correspond to an 
electrode insulated with FTFE and only the layer 
planes of the pyrolytic graphite were exposed to 
the electrolyte. Curve a was obtained in a1M 
HC10 
4 solution prepared from Aristar HC10 4 and 
triply distilled water. The anodic and cathodic 
peaks were independent of rotation speed but increased 
as the scan rate was increased. They therefore pre- 
sumably correspond to the oxidation and reduction of 
some surface species. 
The addition of purified active charcoal to the 
solution resulted in a marked reduction in the size of 
the peaks, Fig. 7.3 (curve b ), while flaking the 
graphite to produce a fresh surface, gave a current- 
potential curve in this solution completely free from 
any peaks, Fig. 7.3 (curve c ). Curve d, Fig. 7.39 
illustrated a slightly better-defined result in pure 
solution at a higher scan rate. The peaks observed 
in curve a are therefore presumably caused by the 
oxidation and reduction of adsorbed impurities, which 
can be removed from the solution by active charcoal. 
Pre-electrolysis using platinum electrodes was not 
effective in this respect. 
7.7 
It may be concluded that in a pure solution, 
PYrOlYtic graphite (layer planes only exposed) behaves 
as a perfectly polarised electrode between +1.4 and 
-0.5 V. 
Treatment at more positive potentialst however, 
does oxidise the graphite surface. Thus after sweep- 
ing to +1.8 Vp Fig. 7.4, curve ap the negative going 
curve exhibits a peak at 1.5 V unaffected by rotation 
speed and the quantity of electricity being constant 
at different scan rates (given the same electrode pre- 
treatment). The quantity of electricity passed during 
this peak is increased by extending the anodic treat- 
ment to more positive potentials and by holding the 
electrode at a given potential for longer times, Fig. 
7.4, curve b. Limited oxidation produces no perma- 
nent change in the graphite surface (curve a) but 
prolonged oxidation causes the surface to disintegrate 
with a consequent increase in the double-layer capacity. 
The behaviour of pyrolytic graphite, insulated 
with PTFE in 1MH2 so 4 was very similar 
to that observed 
in HC10 
4 solutions. 
Current-potential curves obtained 
with a flaked graphite surface in a solution purified 
with active charcoal are shown in Fig. 7.5. curve a. 
-1 At 40 mV sec scan rate, the electrode is perfectly 
polarised between +1.5 and -0.4 V. After treatment at 
+1.8 V, reduction of surface oxide was observed at +1.7 Vt 
Fig. 7.5. curve b. Prolonged treatment at such poten- 
tials again caused disintegration and increase in surface 
area . 
7.8 
The edges of the layer planes display lower 
hydrogen and oxygen overpotentials7.8 than do the 
faces., Figs. 7.6 and 7.7 (HC10 4 and 
H2 so 4 solutions 
respectively). The double-layer capacity and probably 
the true surf, ---, ce area is also greater. The various 
peaks and plateaux observed in thesc solutions maY 
be due either to oxidationand reduction of the graphite 
surface or to impurities adsorbed onto the electrode 
surface. Marked oxidation of such a surface occurred 
at potentials more positive t"---an +1.7 V. Reduction 
in 1M HC10 
4 took place at +1 .6V. in 
1MH2 so 
4 at 
+1 .8 to +1 .6V. 
Reproducible results with such a surface were 
very difficult to obtain, penetration of solution up 
the layer planes caused variable results, dependent 
on the length of time for which the electrode had been 
immersed. After anodic treatment some splitting was 
visible and the e1rctrochemical behaviour then became 
even more variable. 
As reported -later, 
Chapter 8, in order to obtain 
a smooth electrode surface, machining followed in some 
cases by electrochemical pretreatment (holding at +0.8 V 
-2 M HC10 4' 
1x 10 M CrVI) and finally polishing 
smooth on tissue, was used. A background sweep was 
always obtained after preparing the electrode to estab- 
lish the condition of the electrode sixrface. Naturally 
following such treatment s-Aght variability was obtained 
in the current-potential relation and double-la., yer 
7.9 
capacitance, but no significant deviation was encoun- 
tered. As can be seen from Fig. 7.8, the hydrogen and 
oxygen overvoltages lie between those obtained with 
the faces and with the edges o--" the layer planes. 
The anodic and cathodic inf-IL-exions at +0.6 V were 
always present bu-4,; involved only a very small quantity 
of electricity. 
Such surfacos were very stable and gave no indi- 
cation of solution seepage or splitting. 
Oxygen reduction 
Oxygen reduction occurred at potentials more 
ne-crative than -0.2 V with no edges exposed and -0.1 V C-. ý 
with exposed edges. 
Hydrogen oxidation 
This could not be detected on the graphite planes 
or edges. 
The double layer capacities of the various types 
of pyrolytic graphite electrode surface, obtained from 
potential sweeps of 100 mV sec -1 , vary from 160 pr, cM- 
2 
(flaked surface layer planes only), to 830 ýIF cm -2 
(edges only). The double layer capacity of a machined 
11"P cm-2 electrode surfý-Lce varies from 300 ? 1- 
(machined, 
electrochemically treated and polished) to 800 p-F cm- 
2 
(machined and polished). 
and Brown 
7.7 
are 109 and 
The values reported by Brennan 
1397 PF cm -2 on the faces 
(flaked surface) and edges respectively. Although the 
method of surface preparation has been found to modify 
slightly the behaviour of pyrolytic graphite as previously 
7.10 
reported7.2#7.3,7.4 , with care and under clean conditions 
the behaviour of the FG was found to be reproducible. 
Bffect of insulating material 
The electrodes used in the early work were insu- 
lated with FTFE, but in order to prevent leakage of 
electrolyte between the graphite and insulator, the 
electrode material was recessed below the insulator 
surface. Slight leakage could be detected on the 
current-potential curve as the whole curve became 
tilted (in some cases to 450) away from the zero 
current axis. Severe leakage caused further distortion 
of the current-potential relation. 
A recessed electrode surface, howevert does not 
satisfy the conditions for laminar flow of solution 
over the electrode surface. An electrode similar in 
design to that used for gold was not satisfactory 
because of cracking at the edges. when pressure was 
applied, and because the area changed as part of the 
cone-shaped graphite was removed to prepare a new 
surface. Since attractive designs of electrode are 
possible with other insulating materials, the effect 
of these materials on the background curves of pyro- 
lytic graphite in 1M HC10 4 was 
investigated. 
Araldite 
moulded araldite insulator initially gave a fairly 
satisfactory curve, Fig. 7.9, curve a, but the curve 
obtained after two hoUrB expOBure to the solution 
(Fig. 
7.9, curve b) was not satisfactory. The increased 
7.11 
SloPe Of the curvc -s nharactpristic of leakage of 
ele-ctrolyte between the insulator and electrode 
material. The spurious maximum at 1.4 V (Fig. 7-9t 
curve b) is presumably caused by impurities adsorbed 
onto the electrode surface, while the higher, rotation 
dependent cathodic currents at potentials below -0.2 V 
can be attributed to impurities in the solution. 
Laconite 
Laconite (manufactured by Canning and Company, 
Birmingham), a resinous paint, contaminated th-ý solution 
severely, as shown by the marked rotation dependence 
of the current at both anodic and cathodic pctontitnls 
(Fig. 7.10). 
Shrinkable tubing 
Shrinkable polythene tubing also produced spurious 
maxima after moderate contact with the electrolyte. 
These could be almost removed by prolonged soaking in 
M HC10 
4 solution 
but the treatment was long and the 
results somewhat variable. 
Shrinkable FTFE tubing (Helashrink Ltd. ) did not 
adhere to the electrode sufficiently well to insulate 
the edges and substantial edge effects wer-- observed. 
Towards the end of the work "Flo-Tite" heat sli-rirlc 
FTFE tubing - Pope Scientific Inc., U. S. A. - became 
available. This consisted of an inner core of material 
which melted as the outer core shrunk. This material 
proved entirely SPtisfactory. 
7.12 
For all the k. 2netic work and the majority of the 
rest the use of FTFE moulded insulators, described in 
C-4 oection 3.6, was adopted. This provided a leak proof 
seal and gave identical curves to those obtained with 
Only planes exposed to the solution. 
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CHAPTER 8 
REDUCTION OF CrVI IN PERCHLORIC AIM SULPHURIC 
ACID SOLUTIONS ON A GRAPHITE ELECTRODE 
8.1 Introduction 
The object of this work was to study the kinetics 
and mechanism of the reduction of CrVI on a graphite 
electrode in solutions containing perchloric or 
sulphuric acid. The choice oi perchloric acid was 
made in order to keep the number of CrVI contc-:.. 6ining 
solution species at a minimum. Due to film formation.. 
however, it did not prove possible to investigate, in 
any detail, the kinetics of such a system. The pres- 
ence of sulphuric acid, as found when using a gold 
electrode, minimised interference by films on the 
electrode surface. 
Py-rolytic graphite was chosen as the electrode 
material because of the ease of obtaining a fresh, 
reproducible surface. Glassy carbon, although being 
capable of accepting a greater degree of polish, could 
not be used as it rapidly became inhibited due to film 
formation. Removal of these films necessitated mechan- 
ically abrading the electrode surface. 
No work has been reported previously on a graphite 
electrode in HC10 4 solutions. 
8.2 Experimental 
The presence of ionic impurities was carefully 
avoided in these experiments by using the same methods 
of solution purification as described in Section 6.2. 
8.2 
A rotating, pyrolytic graphite electrode was used; its 
construction is described in Section 3.6. As reported 
in Section 3.6 both flaked and polished surfaces were 
employed for steady-state measurements. Although the 
current-potential relations obtained on the two types 
of surface were closely similar, the smoother surface 
resulting from polishing was more satisfactory when 
studying the rotation dependence of the current and 
was employed in all subsequent work. 
8.3 Steady-state results in HC 10'4 solutions 
The current-potential relation obtained, with a 
flaked electrode, in 1x 10- 
2M 
CrVI, 1M HC10 
4' 
is 
shown in Fig. 8.1, curve a. In these measurements 
the potential was held at each value for no longer 
than 1 minute. On making the potential more negative 
a cathodic current is observed at potentials negative 
to 1.15 V. Between 0.8 and 0.6 V there is an inflexion 
in the curve prior to a smooth rise to a plateau at 
approximately 0.0 to -0.2 V. This behaviour is 
unaltered by polishing the electrode surface. On the 
positive-going measurements (curve b) the final plateau 
is extended to about 0.45 V prior to a sharp fall in 
current. This behaviour is slightly more emph- 
asised on a polished surface (curve c). At more 
positive potentials the inflexion between 0.8 and 
0.6 V is still present, the current in this region 
being slightly below that of the negative-going curve. 
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True steady-state current-potential curves could 
not be obtained because the current fell with time in 
some potential regions, whereas in others it rose due 
to attack of the electrode surface. Thus at 0.9 V and 
more positive potentials the current fell with time 
(by a factor of 10 times in 15 minutes). Some reac- 
tivation occurred after holding at 1.2 V or switching 
the electrode to open circuit (potential ; ýý1.2 V). 
The current increased with time between 0.9 and 0.7 V 
but fell slowly at potentials more negative than 0.7 V 
(bY 51o in 15 minutes). After holding at potentials 
between 0.9 and 0.7 V the electrode surface was found 
to have lost much of its original structure, being 
dark and non-reflective, Fig. 3.4. Mass spectrometry 
showed the surface to be covered by small particles of 
carbon and the double-layer capacitance, as obtained 
from sweep measurements was increased. Such attack 
did not take place at other potentials. It presumably 
results from oxidative attack of the graphite surface 
by an intermediate in the electrode reaction which was 
present at maximum concentration in this potential 
range. 
Nature of the limiting current (i ) 
As described above, the value of the limiting 
current fell slowly with time. Satisfactorily reproduc- 
ible results on the dependence of the current on rotation 
speed were obtaxned, however, by maintaining each rota- 
tion speed for no longer than 30 seconds. A typical 
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Plot Of 
1/i 
against 
11wT 
obtained with a freshly 
I 
polished surface is shown in Fig. 8.2, line a. 
Essentially similar results were obtained at all 
potentials between 0.0 and -0.6 V. The graph is 
linear and has the same slope and intercept, when 
corrected for surface area, as obtained with a gold 
electrode in HC10 4 solutions. 
These results can 
therefore be interpreted as indicating that the 
plateau current is diffusion controlled but that as 
with gold a proportion of the graphite surface is 
blocked by a film. Additional evidence supporting 
these conclusions was obtained by varying the concen- 
tration of CrVI. After correcting for solution 
decomposition the plots of 
Cb/ 
3- 
against 
11WY2, 
? 
obtained in solutions containing different concentra- 
tions of CrVI, superimposed and a first order depend- 
ence of ip on CrVI concentration was obtained, Fig. 8.3 
As mentioned earlier, a flaked graphite surface, 
although reproducibly clean, did not prove suitable 
for these investigations. The surface roughness 
resulted in the current increasing with rotation 
speed to a greater extent than predicted by the Levich 
I 
theory, As a consequence graphs of i against w2 
curved upward, while those of 
1 /i against 
1 /w2l showed 
negative intercepts, Fig. 8.2, line b). 
Origin of the inflexion between 0.8 and 0.6 V 
As demonstrated in Section 8.4, a film formed on 
the electrode at more Positive potentials undergoes 
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modification in this potential region. There is 
also evidence that this film inhibits the electrode 
reaction. While inhibition due to film modification 
may be the cause of this inflexion it is also possible 
that it results from 
(i) a change in the number of electrons involved 
in the reduction 
(ii) the CrVI species reduced at more positive 
potentials being different from that 
reduced at more negative potentials; 
the inflexion may then correspond to the 
limiting rate of reduction of the former 
species . 
The coulometric experiments described in Chapter 
show that the number of electrons involved in the reduc- 
tion did not change with potential. 
The second possibility was investigated by varying 
the CrVI concentration in the solutions employed. The 
current-potential curves obtained at a sweep rate of 
-1 . 10 mv sec in 1M HC10 4 containing different concen- 
trations of CrVI is shown in Fig. 8.4. There was, 
however, no correlation between the ratio of the 
currents corresponding to the inflexion and the final 
plateau and the proportion of any CrVI species present. 
Since, unfortunately, an inflexion rather than a well 
defined plateau was obtained the true value of the 
first limiting current, if it exists, was not directly 
measurable. As a consequence no close correlation 
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would be expected. In Section 2 .5 .2a method is 
described for determining the true limiting current 
under such conditions. This technique however 
requires data on the variation of current with rota- 
tion speed at potentials between the inflexion and 
the final plateau. In this potential range the currents 
were not sufficiently stable in HC10 4 solutions 
for 
meaningful results to be obtained, It has therefore 
not been possible to devise an adequate test of 
possibility (ii). 
8.4 Sweep measurements in 1 M_HC10, solutions 
The current-potential relation obtained in 1x 10- 
2 
M CrVI, 1M HC10 
4 -in repetetive sweeps at 
100 mV and 
two rotation speeds is shown in Fig. 8.5. Curves of 
similar form but with larger maxima were obtained at 
higher sweep rates. The hysteresis became more pro- 
nounced with continued use of the electrode, possibly 
due to an increase in surface area caused by attack 
of the graphite as described previously. The curves 
show, on the negative-going sweep, a rise in current 
from 1.1 V, a maximum at 0.9 V (more clearly shown at 
the lower rotation speed) and a second maximum at 
0.7 V. The current then rises to a third maximum at 
about 0.35 V, again more pronounced at the lower rota- 
tion speed, followed by a slight increase to -0.3 V. 
The positive-going curve consists of a fairly smooth 
fall to about 0.5 V. then two inflexions, the first 
occurring between 0.55 to 0.8 V, the second between 0.8 
to about 1.1 V. 
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This behaviour and the results reported later 
can again be explained in terms of film formation and 
modification. The final conclusions reached are shown 
diagrammatically in Fig. 8.6. Reduction of CrVI begins 
at about 1.1 V and is seen to suffer inhibition from 
about 0.95 V as a result of the formation of film X; 
deposition of this film may however begin at more 
positive potentials. The peak at 0.9 V is attributed 
to the formation of this film. Reduction of X to Y 
which overlaps the former process, reaches a maximum 
value at 0.7 V. Subsequent reduction of Y to Z occurs 
at potentials more negative than about 0.55 V producing 
the final cathodic maximum observed. Reoxidation of 
to Y on the positive-going sweep is observed between 
0.55 and 0.8 V and that of Y to X at potentials more 
positive than 0.8 V. 
Holding the electrode between 1.0 and 1.4 V affects 
the first negative-going sweep as shown in Fig. 8.7. 
After holding the electrode at 1.0 V for 2 minutes the 
subsequent negative-going sweep has a very large maxi- 
mum at 0.72 V as compared with that obtained when swept 
from 1.0 V. Similar behaviour is observed following 2 
minutes electrolysis at 1.2 V. Both pretreatments pro- 
duce a further peak at about 0.3 V. The sweep obtained 
after 2 minutes at 1.4 V shows higher currents between 
1.2 and 1.0 V than observed after any of the previous 
treatments; no maximum at 0.7 V is obtained, a short 
plateau occurring. This is followed by a rise to a 
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larger maximum at 0.3 V than those observed following 
the other pretreatments. The next sweep from 1.4 V 
has a clear maximum at 0.7 V; that occurring at 0.3 V 
is however smaller than in the first sweep. 
The large peaks observed at 0.7 V after pretreat- 
ment at 1.0 and 1.2 V correspond to the reduction of 
X to Y, and hence indicate that at these potentials 
X must be deposited on the electrode surface (or 
reoxidised from Y if this is present). Since under 
steady-state conditions (see Section 8.3) the current 
no longer fell with time at potentials negative to 
0.9 V, the formation of X must be complete by this 
potential. After holding at 1.4 V most of film X 
must have been removed from the electrode since the 
initial current is higher and the peak at 0.7 V smaller 
than after the other pretreatments. Since subsequent 
sweeps from 1.4 V show lower initial currents and a 
higher peak for the reduction of X to Y it must be 
concluded that only part of film X, deposited during 
the previous sweep, is removed by sweeping to 1.4 V. 
The anodic currents observed in the positive- 
going sweeps to 1.2 and 1.4 V are probably associated 
with both the conversion of Y to X (although this is 
believed to begin at about 0.8 V) and the removal of X. 
In accord with this, these anodic currents were larger 
after holding at 1.2 V than holding at 1.4 V; this 
would be expected since more material is present on 
the surface after the former pretreatment. That the 
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conversion of Y to X continues during sweeping to 
potentials more positive than 1.2 V is deduced from 
the fact that, if all of Y were oxidised to X by 1.2 V, 
the second negative-going sweep from 1.2 V should 
reproduce that obtained after holding at this poten- 
tial. 
The effect on the current-potential curve of 
sweeping to progressively more negative limits from 
1.2 V is shown in Fig. 8.8. Between 1.2 and 1.1 V 
little extra film is deposited on the electrode. 
However by 1.0 V more film X must be deposited this 
being reflected in the lower current on the next 
negative-going sweep. By 0.9 V the inhibition caused 
by X results in a greater hysteresis. The inflexion 
on the positive-going sweep beginning at 0.85 Vý 
caused by reoxidation of Y to X, becomes more marked 
as the sweep limit is extended to 0.6 V, that is, as 
more Y is produced on the electrode surface. As the 
potential is swept more negC--tive than 0.6 V, the 
cathodic maximum at about 0.4 V (Y reduced to Z) 
develops and the corresponding dip on the positive- 
going curve, between 0.55 and 0.8 V where reoxidation 
of Z to Y occurs, becomes more obvious. 
Additional information on the layer formation and 
modification processes was obtained by sweeping to pro- 
gressively more positive limits from -0.3 Vy Fig. 8.9. 
The peak for reduction of Y to Z becomes significantly 
larger after sweeping to 0.8 V and does not increase 
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further after sweeping to more positive potentials; 
this confirms that reoxidation of Z must be complete 
by 0.8 V. Similarly the maximum at 0.7 V 
(X to Y) 
does not develop until having swept more positive 
than 0.8 V, thus reoxidation of Y to X cannot occur 
prior to this. Removal of X must begin between 1.0 
and 1.1 V since a clear maximum for its redeposition 
is obtained after sweeping to the latter but not the 
former potential. 
Following polarisation for 5 minutes at 0.0 or 
-0.3 V, the current on the positive sweep is initially 
lower than with uninterrupted sweeping, Fig. 8.10, 
but the very flat plateau is maintained up to about 
0.5 V prior to a steep fall. Although as Z accumu- 
lates it must gradually block the electrode surface, 
since the steady-state currents fell with time, the 
presence of film Z causes less inhibition than does 
Y because the limiting current is maintained until Z 
is oxidised to Y at about 0.5 V. The anodic contri- 
bution corresponding to Z being oxidised to Y is seen 
to be greater on the first sweep when more Z is present, 
confirming that oxidation of Z to Y occurs between 0.5 
and 0.8 V. Under steady-state conditions, this oxida- 
tion process appears to begin at about 0.45 V (Fig. 8.1). 
Confirmation of the conclusions reached above was 
obtained from the results of sweeps in 1M HC10 4 
follow- 
ing polarisation in 1x 10 -2 M CrVI, 1M HC10 4' 
The 
condition of the electrode surface did not remain constant 
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throughout these experiments. Slight attack of the 
surface was noticed following those experiments in 
which a cathodic maximum at 0.7 V was observed in the 
background electrode (cf. steady-state results). 
However variation was minimised by polishing the 
surface with tissue after each run, The current- 
potential relations obtained in 1M HC10 4 with a 
freshly prepared surface and one which had suffered 
severe attack are given in Fig. 8.11. 
The result of holding the electrode at 1.0 V 
for 25 minutes in 1x 10- 
2M CrVI, 1M HC10 
4 on 
the 
sweep in 1M HC10 4 alone 
is shown in Fig. 8.12, 
curve a. The height of the large cathodic peak at 
0.73 V depends upon the time the electrode was held 
at 1.0 V in the CrVI containing solution and corres- 
ponds to the reduction of X to Y. Subsequent sweeps 
to 1.4 V show only a much smaller cathodic peak, 
Fig. 8.12, curve c. However following 15 minutes 
electrolysis in 1M HC10 4 at 
1.0 V the peak at 0.73 V 
again increased in height, Fig. 8.12, curve b. Thus 
under steady state conditions, in the background elec- 
trolyte, oxidation of Y to X occurs at 1.0 V. This 
behaviour was found to be independent of electrode 
rotation. When this electrode was then swept to 1.6 V, 
Fig. 8.13, with no rotation, an additional cathodic 
maximum was observed at 0.9 V, presumably corresponding 
to redeposition of X. If the electrode was rotated 
during this treatmentp however, this maximum was not 
8.12 
observed. This indicates that oxidation of X produces 
a soluble material. 
When -. film-covered electrode was held at -0.3 V 
in the background electrolyte prior to recording the 
current-potential curve, an increased anodic current 
was obtained between 0.55 and 0.85 (Fig. 8.14); this 
maximum presumably corresponds to oxidation of Z to Y. 
Reduction of Y to Z must be a slow process, at least 
in the background electrolyte, since the above peak 
was only observed after holding the electrode at -0.3 V 
and was not present in repetitive sweeps. 
Once film had been deposited on the electrode it 
was very difficult to remove from the surface. Normal 
behaviour in the background electrolyte could be 
restored only by either very prolonged washing and 
polishing with tissue or by machining a fresh surface. 
Similar film deposition processes were found to 
occur also in more dilute CrVI containing solutions. 
The maxima in the current-potential curvest however, 
were much less well defined, making identification of 
the separate processes extremely difficult. 
The presence of chromium on the electrode surface, 
following pretreatment in 1x 10 -2 M Crvi, 1M liclo 49 
hs. s been demonstrated by analysis of X-rays emitted from 
the sample after excitation with an electron beam 
(Cambridge "Geoscan" or Scanning Electron Microscope). 
The results, which were qualitative only, due to surface 
roughness, showed chromium to be present on the electrode 
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surface following 30 minutes pre-electrolysis at 1.0, 
0.7 or 0.0 V. With an unattacked electrode the chromium 
concentration on the surface did not vary markedly with 
potential, the surface coverage with chromium compounds 
being approximately 0.3% at 1.0 V and 0.2% at 0.0 V. 
When the surface had suffered severe attack, as was 
produced by holding at 0.7 V. the chromium count indi- 
cated a surface coverage of about 10% but this was 
almost certainly due to considerable inclusion of 
chromium compounds in the roughened surface. The 
appearance of a sample following 30 minutes pretreatment 
at 0.7 V in 1x 10- 
2M 
CrVI, 1M HC10 
4 
in a scanning 
electron microscope detecting only X-rays emitted by 
chromium-containing compounds is shown in Fig. 3.4. 
8.5 Conclusions 
As reported in the case of gold electrodes, the 
results in HC10 4 solutions show that after suitable 
anodic pretreatment an essentially film-free surface 
can be produced. Reduction of CrVI takes place on this 
surface but film X is produced at more negative poten- 
tials. While this results in some inhibition, the 
severe inhibition as observed with gold does not occur. 
As the potential is made more negative film X is reduced 
to Y and then to the least inhibiting form, Z. Large 
quantities of Z or of another product do, however, 
cause some inhibition. Reoxidation of all three films 
takes place on making the potential more positive. 
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The inflexion between 0.8 and 0.6 V, present in 
the steady-state curves was not caused by a change in 
the number of electrons involved in the reduction. It 
was not, however, possible to decide whether it was 
due solely to film modification or to a change in the 
nature of the CrVI species being reduced. 
8.6 The effect of addition of H2 SO to HC10 4 containing 
solutions 
The modification to the current-potential relation 
obtained in 1x 10 -2 M CrVI, 1M HC10 4 caused 
by addi- 
tion of H2 so 4 
is shown in Fig. 8.15. Making the solu- 
tion Only 0.04 M in H2 so 4 causes a great reduction 
in 
the hysteresis between the positive and negative-going 
curves. The reduction is appreciably less inhibited 
at potentials positive to 1.0 V, this section of the 
curve resembling the first negative-going curve follow- 
ing anodic polarisation in 1x 10 -2 M CrVI, 1M HC10 
The maxima corresponding to the formation and modifica- 
tion of films, X, Y and Z, are largely removed. Further 
addition of H2 so 4 enhances 
this effect. 
The presence of sulPhuric acid appears therefore 
to minimise film formation on pyrolytic graphite in 
perchloric acid solutions. 
8.7 Swee-p measurem, ý-nts in H2 SO 4 solutions 
As mentioned in Section 8.1, film formation and 
modification appeared to be of minor importance in H2 so 
solutions. Because of this, the order of presentation 
adopted previously has been reversed here and the sweep 
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measurements, which showed that only very small amounts 
of film were present on the electrode surface? precede 
the. steady-state results. 
In sulphuric acid solutions the current-potential 
curves were very much more reproducible than in per- 
chloric acid media and no attack of the electrode sur- 
face was observed. Typical curves, obtained at 100 MV 
sec -1 sweep rate, in CrVI concentrations of 1x 10- 
29 
1x 10-3 and 1x 10-4 M in 0.5 MH2 so 4' 
0.25 MH2 so 4/ 
0.25 M Na 2 so 4 and 0.05 MH2 SO 4 
/0.45 M Na 2 
so 4' are shown 
in Figs. 8.16, 8.17 and 8.18. Compared with the sweep 
at 100 mV sec- 
1 
in 1M HC10 
4' 
Fig. 8.5, the hysteresis 
between the positive and negative-going curves is 
greatly reduced. (This effect of H2 so 4 was 
first 
demonstrated by addition of H2 so 4 
to 1M HC10 4- Y 
Fig. 8.15. ) Even at higher sweep rates no maxima or 
minima, corresponding to film deposition or modification, 
are observed. 
In 1x 10 -2 M CrVI, 0.5 MH2 so 
4 cathodic currents 
are obtained at potentials negative to about 1.08 V. 
As the potential reaches more negative values two 
inflexions are observed in the curve, one at about 
0.8 V., the other less distinct, between 0.3 and 0.4 V. 
At more dilute CrVI concentrations in 0.5 MH2 so 4 the 
potential at which the current first rises moves more 
negative and the inflexions become indistinct. Decreas- 
ing the hydrogen ion concentration at constant CrVI 
concentration -again moves the initial rise in current 
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towards more negative potentials, furthermore in 
1x 10- 2M CrVI the current corresponding to the first 
inflexion decreases in magnitude. 
In contrast to the results obtained in perchloric 
acid, these curves show little evidence for film forma- 
tion and modification. In more concentrated CrVI solu- 
tions however the hysteresis between the positive and 
negative-going sweeps decreases markedly at potentials 
more positive than 1.0 V and more negative than 0.0 V. 
Since this may indicate that the condition of the 
electrode varied with potential, the consequence of 
holding the electrode at various potentials prior to 
sweeping was investigated. Negative-going sweeps in 
1x 10- 
2M 
CrVI solutions, following holding the elec- 
trode for 10 minutes at potentials between 1.0 and 
0.5 V, were virtually identical with the curves 
obtained during continuous sweeping. Some evidence 
for the presence of a film on the surface was obtained 
by holding the electrode at more negative potentials 
and sweeping to positive values. The effect of this 
treatment was more pronounced as the pretreatment 
potential was made more negative (although little 
further change occurred in making the potential more 
negative than -0.3 V) and as the H2 so 4 concentration 
was decreased. For purposes of comparison with Fig. 8.10 
the sweep obtained after holding at -0.6 V for 5 minutes 
in 1x 10- 
2M CrVI, 0.5 MH2 so 
4 
is shown in Fig. 8.19. 
A very much smaller effect is observed in the latter 
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case. The most pronounced effect was obtained in 
1x 10-4 M CrVI, 0.05 MH2 so 4' 
0.45 M Na 2 
so 
4' 
Fig. 8.20y 
where the anodic peak at about 0.25 V and the enhanced 
anodic current at potentials positive to 0.55 V, suggest 
that film modific, --; Ation processes are occurring. These 
effects persisted when the electrode was transferred 
to the background electrolyte and held at -0.3 V before 
being swept positive. The curves obtained in the 
various background electrolytes after pretreatment in 
1x 10 -4 M CrVI solutions are compared in Fig. 8.21 
It should be noted that the maxima were present only 
after holding the electrode at -0.3 V in the background 
electrolyte but were not observed if it was simply sub- 
jected to a cyclic sweep. 
These results appear to indicate the presence of 
some film on the electrode following sufficiently 
negative pretreatment; the amount of film however is 
very much smaller than that found in HC10 4 solution. 
The potential at which the film is reoxidised becomes 
more positive as the H2 so 4 concentration 
is increased. 
Reduction of the film appears to be very slow since 
no anodic peaks were observed unless the electrode was 
held at -0.3 V. 
In contrast to the conclusions reached by Sternberg 
and Bagotskii 
1.23 
, no evidence for "partial passivation" 
of the electrode has been obtained. It should however 
be noted that the former workers employed much more con- 
centrated CrVI solutions and a different type of carbon 
as their electrode material. 
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8.8 Steady-state_measurements in sulphuric acid solutions 
The results described in the previous section 
indicate that the form of the current-potential curves 
obtained in sulphuric acid solutions was not determined 
primarily by film formation and modification processes. 
In accord with this, the curves obtained under steady- 
state conditions had the same shape as those obtained 
with a linear potential sweep. Moreover the current 
was essentially independent of time over most of the 
potential range; the currents obtained on making the 
potential progressively more negative, agreed to within 
3% with those recorded on subsequently reversing the 
direction of potential change. In the more concentrated 
CrVI solutions the current fell slowly with time at 
potentials more positive than about 0.90 V on making 
the potential more negative, but rose slowly with time 
in the same potential range on making the potential 
more positive; under all conditions, the current at 
very negative potentials fell very slowly with time. 
Typical steady-state current-potential curves 
obtained at a rotation speed of 1000 r. p. m. are shown 
for different CrVI concentrations in Figs. 8.22 (0-5 M 
H2 so 4), 8.23 
(0.25 MH2 so 
4' 0.25 M Na 2 
so 
4) and 8.2 4 
(0-05 MH2 so 
4" 
0.45 M Na2SO4 ). Other CrVI concentrations 
used, but not illustrated in the diagrams, were 3x 10- 
3 
and 3x 10- 
4 M. As described in the case of the sweep 
measurements two inflexions are observed in the curve 
obtained in 1x 10 -2 M CrVI, 0.5 MH2 so 4' The height 
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of the inflexions decreases as the sulphuric acid con- 
centration is decreased and the curve moves toward 
more negative potentials. As the CrVI concentration 
is decreased in a given background solution, the curves 
again move to more negative potentials although this 
trend is reversed at potentials more negative than about 
0.1 V. 
As will be apparent later, interpretation of these 
curves necessitates a knowledge of the value and cause 
of the final limiting current. 
In 0.5 MH2 so 
4 containing 
1x 10- 2M CrVI the 
graph of 
1 /i against 
1 /w+ at-0.6 V was linear and passed 
through the origin indicating that under these conditions 
the current is diffusion controlled. In accord with this, 
the value of the limiting current at 1000 r. p. m. was 
5.40 mA in satisfactory agreement with the value of 
5.43 mA obtained at the same rotation speed in 1x 10-2 M 
CrVI in 1M HC10 4* In solutions containing 
1x 10-4 m 
111 CrVI plots of /i against /w2 at 0.2 and 0.0 V were 
linear and parallel to each other but, as is to be 
expected for currents under partial kinetic control, 
showed marked intercepts at w= co. At more negative 
potentials the plots became curved probably due to con- 
comitant hydrogen evolution, Fig. 8.25 (see Section 
2.5.2). Such curvature was also apparent but less marked 
in 1x 10- 
3M CrVI solutions. Under these circumstances, 
as explained in Section 2.5.2, the true value of the 
diffusion-limited current is most readily determined by 
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plotting i against w j Fig. 8.26. 
As predicted by 
Equation 2.35 when the potential is sufficiently nega- 
tive so that the reduction of CrVI is diffusion con- 
trolled, such a graph is linear but has an intercept 
equal to the rate of hydrogen evolution. At this 
potential the value of the diffusion-limited current 
at a given rotation speed can be found by subtracting 
the current due to hydrogen evolution, from the 
observed current. The values of 
'Ld/. 
T 
obtained by the 
most appropriate of these procedures were independent 
of CT (the total concentration of CrVI, assuming only 
monomeric species to be present) in 0.5 MH2 so 4 and 
in 0.25 MH2 SO 4' 0.25 M Na 2 
so 
4 and equalled 
540 +5 mA 
mol- 
1. 
In 0.05 MH2 so 4' 0.45 M Na 2 
so 
4i d/c T varied 
from 502 to 535 over the concentration range 1x 10- 
2 
to , -4 1x 10 M CrVI. It is possible that under these 
conditions the current is partially limited by the 
rate of diffusion of 
8.8.1 Nature of the first -plateau 
The rather ill-defined first plateau, which is 
seen most easily in 10- 
2M CrVI, 0.5 MH SO occurs at 24 
potentials between 0.85 and 0.80 V. Although at some- 
what more positive potentials the currents tended to 
change with time, perhaps suggesting that a layer was 
being formed on the electrode, the sweep measurements 
gave no evidence to suggest that the plateau was the 
result of inhibition by a layer. It seemed likely there- 
fore that it corresponded to the limiting rate of reduction 
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of one or more of the chromium species present in 
the solution. 
Although the plateau is rather ill-defined, and 
hence the true limiting current will be lower than 
the plateau current (see Section 2.5.2), it is 
possible to demonstrate that this first wave must 
result from the reduction of one of the dimeric 
species. Thus graphs of log 
[Cr] against log 3- 
Pi 
(where i 
Pi 
is the plateau current) are linear and 
have a slope close to unity, when 
[Cr] represents 
the concentration of either of the dimeric species 
(r1 Fig. 8.27); linear plots but with a slope of /2 are 
obtained when the concentration of any monomeric 
species is employed in such graphs. It follows there- 
fore that i 
Pi 
is directly proportional to the con- 
centration of either of the dimeric species but 
depends on the square of the concentration of the 
monomeric species. This latter result is almost 
certainly a direct consequence of the fact that the 
concentration of any particular monomer is proportional 
to the square of the concentration of the dimers (see 
Fig. 1 . 
1) . 
It is probable, therefore, that this first plateau 
is due to a limiting current resulting from reduction 
of one or both of the dimeric species. Since most ions 
have closely similar diffusion coefficients, it is 
likely that the diffusion coefficients of the dimeric 
species are near to those of the monomers. If this is 
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true the theoretical values of the diffusion limited 
current for the reduction of both dimers 
(id may be d 
calculated from the relation 
d 
d2 [Dimer 8.1 
dCT 
where [Dimer] = total concentration of dimers' 
and id the total diffusion limited current 
(5-40 mA in 1x 10- 
2M CrVI). 
The resulting values of id are higher than the plateau d 
currents. Thus in 1x 10- 
2M CrVI, 0.5 MH SO -3- 
d 
24d 
0.97 mA, whereas ip0.90 mA, while in 1x 10- 
2m 
CrVI, 0.25 MH SO 0.25 M Na SO id =ý 1.48 mA and 2424d 
i 
pi 
0.55 mA. Consequently the reduction of only 
one dimer must occur during this first wave. Providing 
this process does not suffer inhibition it may be con- 
cluded that the species involved is HCr 207 since in 
1x 10- 2M CrVI, 0.25 MH2 so 
4'0.25 
M Na 
2 
so 
4 
the theor- 
etical diffusion-limited currents are 1.14 mA for 
Cr 20 
2- 
and 0.34 mA for HCr 207 There may be a con- 7 
tribution from a preceding chemical step involving 
one of the other solution species whilst it is also 
possible that the plateau results from the adsorption 
of one or both dimers limiting the rate of the reaction 
(see Section 2-5). 
8.8.2 Nature of the second plateau 
The procedure used for the treatment of the first 
plateau was not satisfactory in this instance. Thus a 
8.23 
graph of log (total dimer concentration) against 
log i 
P2 
where i 
P2 
is the current corresponding to the 
second plateau, was linear and gave a reaction order 
with respect to dimers of 0.7 while graphs of log 
(monomer concentration) against log (i -i 
HCr 
207 
P2 d 
were also linear and gave a reaction order of 1.3 for 
each of the monomers. It is therefore not possible 
using this procedure to determine which chromium 
species is reduced in the second wave. The departure 
from first order dependence on all these plots is con- 
sistent with the true plateau height being appreciably 
smaller than i 
P2 
as is to be expected with an ill- 
defined plateau, see Section 2.5.2. 
The alternative procedure described in Section 
2.5.2 was therefore employed. This is based on the 
assumpt3-on that w-Lth-3. n a particular potential range 
the first and second waves become diffusion-limited 
and the process occurring in the final wave obeys 
the equation 
3k3cS 
where k3 is the potential-dependent rate constant for 
this process 
and cs is the surface concentration of the species 
undergoing reduction. 
Consequently the observed current (i 
m) 
is given by 
im=Id1d 
Substitution of the equations for mass transport into the 
above expression and suitable rearrangement gives 
8.24 
mki-i Blcl ,-dM cf. Eqn. 2.34 
ýT 
+B --3 2C2 + wB3w 
where c1 and c2 are the bulk concentrations of the 
species reduced in the first and second waves and id 
is the total diffusion-limited current for the whole 
wave , 
If the foregoing assumptions are correct, graphs 
of 
im 
against 
idim 
corresponding to different 
Wý w 
potentials should be linear and give the same intercept. 
Since 
Id13. B2c2), 
ý 
the sum of the true diffusion-limited currents corres- 
ponding to the first and second waves may be obtained 
from this intercept. 
Inspection of Fig. 8.22 shows that the current is 
directly proportional to the CrVI concentration between 
0.2 and 0.0 V indicating that the reaction is probably 
first order in CrVI over this potential range. As 
demonstrated later the process occurring in the last 
wave is in fact close to first order over a wider range 
of potentials. A typical graph of 
i 
_% against 
i W-T 
dm is shown in Fig. 8.28. As required by the 
w 
theory the lines obtained at sufficiently negative 
potentials all give the same intercept. The values of 
JL d+id(id obs) obtained 
for solutions in 0.5 MH2 so 4 
from such graphs are listed in Table 8.1. 
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TABLE 8.1 
CrVI concentration (M) i obs. Id calo. , (one dimer) ddd 
1 x lo- 
2 0.98 0.968 
3 x 10- 
3 0.11 0.112 
1 x lo- 
3 
0.014 0.0137 
3 x 10-4 0.001 0.00114 
1 x 10-4 0.0001 0.00014 
0.49 
0.05 
0.006 
0.0005 
0.00006 
Also included in the table are values of the diffusion- 
limited current id calculated using Equation 8.1. The d 
good agreement between the observed and calculated values 
strongly suggests that both the first and second waves 
should be attributed to the reduction of the dimeric 
species. Since the first wave has already been attributed 
to the reduction of HCr 207 the second presumably corres- 
2- 
ponds to reduction of Cr 207 It should be noted that 
the calculated values of id obtained from assuming that 
any other species or combination of species is reduced 
in the first two waves are in serious disagreement with 
id observed. 
In 0.25 MH2 so 4' 0.25 M Na 2 SO 4 solutions comparable 
agreement between observed and calculated values of id d 
was obtained. In the most dilute acid solution additional 
complications are apparently present and the interpreta- 
tion of the current-voltage curves remains in doubt. 
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It should perhaps be stressed that the linearity 
of the graphs of m against 
dm 
and the fact 
W, V, w 
that the intercepts varied with the concentration of 
CrVI, is consistent only with the process occurring 
in the second wave becoming diffusion-limited. Thus 
as shown by Equations 2.48 and 2.44, Section 2.5.2, 
curved plots would be expected if adsorption of 
reactant were rate determining or if a preceding 
chemical step were involved in the reduction. If 
adsorption of a product limited the rate, the intercept 
should be independent of the concentration of CrVI 
(see Equation 2.4-9). 
As described in Section 1.1 there is some doubt 
as to whether HCr 207 is present in solutions of 
CrVI. 
The values of id calculated on the assumption that 
only one dimeric species, that is Cr 207 
2- 
' is present 
are also shown in Table 8.1. They are not in agreement 
with values of id observed nor is it Possible to reach 
agreement by assuming that the second wave corres- 
ponds to reduction of any of the other species present. 
It would seem therefore that both of the dimeric species 
are indeed present. 
8.8.3 Kinetics of processes occurring in last part of wave, 
In the treatment described below, it has been assumed 
that; 
(a) the first two waves are associated only with the 
reduction of dimers, the current for monomer reduction 
being obtainable by subtracting the diffusion limited 
8.27 
value of the dimer reduction current from the total 
current 
i. e. i=i-Id 
cmd 
where im is the measured current, 
id the diffusion limited value of the dimer d 
reduction current, calculated on the 
bas-is of the concentration of dimers 
and the mean diffusion coefficientp 
and ic the corrected current, i. e. the current 
for monomer reduction. 
This relation will hold at potentials sufficiently 
negative that the reduction of dimers is diffusion 
limited. 
(b) Since an essentially smooth curve was obtained, 
that all the monomers behave as a single species. 
The rate equation for monomer reduction can probably 
be generalised into an equation of the form 
ickI(s where p is the order of reaction 
and c the concentration of mono- s 
mers at the electrode 
surface. 
Furthermore since 
-L 3. d m c 
d 
where cr 2C + cm total CrVI bb 
concentration in the bulk 
of the solution 
8.28 
then d 
3. 
m 
)p 
cT 
id 
and log ic log k+ plog 
(i 
dim)cT 
id 
Thus the order of reaction with respect to monomers, 
will be the slope of the plot of log ic against 
log 
(i 
dim)cT at constant potential. Such graphs, 
id 
corresponding to solutions in 0.5 MH2 so 4 and 
0.25 M 
H2 so 
4 
/0.25 M Na 
2 
so 
4 are 
illustrated in Figs. 8.29 and 
8.30. They show the order of reaction to be 
,, _, 
l at negative potentials 
at 0.3 V 
at positive potentials. 
8.2 
At more positive potentials, the points corresponding 
to the 1x 10- 
2M 
CrVI solutions deviate from the lines, 
presumably because the dimer reduction process is not 
diffusion limited and hence i '> i-a. 
d 
C*m d* 
The variation of reaction order with potential can 
also be seen by plotting the Tafel relation. Since if 
the reaction is simple and of first order, 
ic= kc 
s 
exp - anafE, 
-1 
graphs of log 
C/c 
s 
against E should be linear with a 
Slope of 
aF 
and graphs for all concentrations 26303 RT 
should superimpose. Such plots are illustrated in Figs. 
8.31 and 8.32. In the most concentrated CrVI solution, 
the graph is almost linear at potentials more negative 
8.29 
than 0.3 V. At a Cr concentration of 1x 10- 
4M the 
graph is almost a smooth curve; the lines corresponding 
to intermediate concentrations fall between these two 
extremes. In 1x 10- 
2M CrVI, the curve has a very low 
slope, 
dE 
-v 500 mV/decade. Such a 
dlog (ic/cr) 
low slope is consistent with discharge occurring on a 
surface covered with some type of layer. This has been 
observed in the reduction of chlorine 
8.1 
and in the 
3+/C 4+ 8.2 Ce e reaction on oxidised platinum, and 
8.3 for oxygen evolution on noble metal alloys It has 
therefore been assumed that in the most concentrated 
solution, the electrode is largely covered with a film 
of some sort over the whole of the potential range 
corresPonding to monomer reduction; the reduction of 
monomers occurring on this covered surface. 
In the most dilute solution, the "Tafel plot" 
becomes similar to that in the concentrated solution 
at negative potentialsp where the current ia high. It 
seems probable therefore that under these circumstances 
also, the electrode is largely covered with this film. 
At more positive potentials a much steeper slope is 
observed suggesting that a nearly film-free electrode 
is now obtained. 
To accord with these results it is necessary to pro- 
pose that the film is a product of the reduction reaction 
on a bare surface, but that the film can be removed by 
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some non-electrochemical process, probably normal 
dissolution. The coverage of the surface with film 
would then depend on the magnitude of the current, 
and with a sufficiently large current a surface cover- 
age close to unity would be obtained. 
The suggested mechanism is therefore 
kkI 1 2, A+M+ ne + M-B /M+ Products 
followed by 
k 3, 
either A+ M-B + ne - 01" M-B + Products 
(1) 
(2a) 
or A+ M-B + ne 
4M+ Products (2b) 
In this mechanism, A is the solution species under- 
going reduction, and M-B the surface film, formed by the 
reduction process, which dissolves slowly into the elec- 
trolyte. Potential dependent rClte constants are repres- 
ented by k1p k3 and k4; k2 is potential independent. 
The rate equations corresPonding to these mechanisms 
are derived in Appendix 2. For mechanism (1)+ (2a) we 
obtain. 
ick1cs (k 
2+k3cs A6 
nFA k1c+k2 
while for mechanism (1) + (2b) 
ikc (k 2+ 2k 4c 
nFA kc+k2+k4c 
A9 
Equation A9 can be shown by the following argument 
to be unsatisfactory. A linear relation between log i/ 
cs 
and E. which can be obtained in concentrated solutions 
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at sufficiently negative potentials, Fig. 8.31 can be 
derived from Equation A. 9 only if 
(i) k2 is <ý 2k 
4c and 
<< k1c and 
(ii) either (a) kjý>) k 4' 
(b) k4 >X: - k1 or 
(c) k1 and k4 have the same potential 
dependence. 
Thus if k2 is negligibly small 
i 2k 1k4 
nFAc k1+k 
If (ii) (a) applies, then in concentrated solutions 
at potentials / 0 
2k 
nFAc 
If the potential dependence of k is different 
from that of k and kj>ý k when EK0.3 V, then at 4' 4 
some positive potential k1 must equal k 4* 
When this 
is true 
k1 (k 2+ 
2k 1c) 
=kk nrAc 2k 1c+k24 
Therefore, at all concentrations the graph of log 
3-c/cs 
against E must pass through this point. Since however 
the graphs coincide only at one point, Figs. 8.31,8.32, 
which falls on the line 
ic 
2k this requirement 
nFAc 4 
cannot be satisfied. An s analogous argument to 
that given above also shows that if (ii) (b) applies, 
the rate equation is again inapplicable. 
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To test this rate equation if 
(ii) (c) appliesl suppose 
that k4= Dk 1 where 
D is a potential independent con- 
stant . 
In concentrated solutions 
i 
ct 
k (2k 
4 Cl) 
nFAc k C, +k4. cl 
where ic, is the corrected current and c' 
the surface concentration in this solution 
2k 2D 2k D 
k (1+D) 
whereas in dilute solutions 
icdk1 (k 
2+ 
2Dk 
1c d) 
nFAc dk2+k1cd 
where i Cd 
is the corrected current and cd the surface 
concentration in this solution. 
d/c dk1 
(k 
2+ 
2Dk 
1cd) 
(l+D) 
+D [k +kc1 -7D] 2k 
c1 /c 121d1 
k (1+D) + 2Dk 1cd 
(1+D) 
k2 2D + 2Dk 1cd 
(1+D) 
Consequently if D is a constant, the ratio of 
2L d/c d/ 
i I/c, must always lie between 
1.0 and 
1+D 
, the first c 2D 
limit applying when the term in k1 dominates and the 
second when that in k2 dominates. If D is large, there- 
fore, the limits are 1.0 to 0.5 while if D is small the 
limits are 1.0 to oo. In practice the ratio changes 
8.33 
from being less than 1.0 to larger than 1.0 which is 
not possible with this mechanism. 
Equation A6 and hence the mechanism (1) + (2a) 
has been tested by evaluating the rate constants and 
thence obtaining calculated values for the current 
due to monomer reduction; these currents have then 
been compared with the observed currents. 
It should be noted, however, that this mechanism 
is probably only an approximation to the true situation, 
since it ignores any processes accompanying dimer reduc- 
tion. If, as is possible, these processes lead to the 
formation of a surface film they may influence the 
monomer reduction process. However in the most dilute 
d. 
Solution, 3- d is so low that no significant amount of 
film is likely to be produced. In the most concentrated 
solution, since log i/ 
cr-1 
E is linear over most of the 
potential range the surface coverage with the layer 
M-B is always close to unity. Consequently to a first 
approximation, if this mechanism is correct, the rate 
equation should give a reasonable fit to the data from 
10- 4 and 10- 
2M 
solutions but may be less satisfactory 
with intermediate concentrations. 
The values of the rate constants in the rate 
equation have been found in the following way. 
Evaluation of k 
In principle, k3 can be obtained from the concen- 
tration dependence of the rate. This assumes that the 
rate equation is applicable over the whole concentration 
range which, as discussed above, may not be true. 
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Rearrangement of-Bquation A6 gives 
nFAk c2 3kkc nFA c+22s- 
ck13. 
c 
2 
Designating cS= Xt cs=y and cS 
ii 
then if these quantities have values xjj yl, zj; 
x 2' Y2' z2; and x 3' y 3' z3 at the same potential 
in 
three solutions of differing concentration 
nFAk 3xy1+k2-k2z1 nFA 8.3 
k1 
nFAk 3x2= Y2 +k2-k2z2 nFA 8.4 k1 
nFAk 3x3=y3+k2-k2z3 nFA 8-5 k1 
Subtracting 8.3 from 8.4 and rearranging gives 
nFA-k 3 
(x 
2-x 
(Y2 - yl) 
-k nFA 8.6 
Z. 7 Z -Z-. 72 2- zi 2-1 
while from 8.3 and 8.5 we obtain 
riFAk 3 
(X 
3x1 
(y 
3 Yl) k nFA 8.7 (Z 
3Z 1) 
(Z 
3Z 1) 2 
Subtracting 8.6 from 8.7 and rearranging gives 
nFAk 3 
z3 
Yi Y2 
z2 
x X2 
z1z2 
Z, 1 
8.35 
so that k3 may be calculated at chosen potentials. 
Such a calculation can be very sensitive to the 
experimental results. In order to avoid large errors, 
if the actual results did not fall on the linear plots 
for log ic llog cs, values falling on the line were 
used. The calculated values of Z- (= nFAk ) corres- 33 
ponding to 0.5 MH2 so 4 and 
0.25 MH2 so 
4' 
0.25 M Na 
2 
so 
as background electrolytes, are shown as a function 
of potential in Fig. 8.33 and listed in Table 8.2. 
The values of kR (Table 8.2) obtained at the more 3 
negative potentials are in accord with those obtained 
by assuming that at sufficiently negative potentials 
in the most concentrated solution, iC=k3c6 (see 
Appendix 2). 
Since kR is probably linearly dependent on poten- 3 
tial, the values employed in evaluating k1 and k2 were 
those from the best straight line through the points 
in Fig. 8.33. 
Evaluation of k 
As shown in Appendix 2, k1 is most important in 
determining the rate of reaction when 9 is small, that 
is in dilute solutions and especially at positive poten- 
tials. Consequently only the Yesults obtained in the 
most dilute solution have been employed in this calcu- 
lation and greatest weight has been given to those 
obtained at the more positive potentials. Smoothed 
results (i. e. those lying on or interpolated from a 
linear log ic against log cS plot) have again been used. 
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The procedure employed is descri'ý., D-d in Appendix 3a. 
F- exp - an FE It is based on the assumption that nF. Ak ki a 
where k is independent of potential. 
RT 
By the use of difference equations, the 6xpression 
(Equation A17) 
exp -2 an f AE 
M (exp 
- an fAE) 
H 
aL ýýl L 
is derived from the rate equation. In the above 
expression, L. M and N are functions of kH crPy i 3' -c 
and imId), while LE is some chosen potential ddd 
interval (200 mV). When the, values of M/L and N/L 
corresponding to different vo-Alues of the electrode 
potential are plotted against one another, a graph 
of slope exp -an a 
fAE and intercept, when N/L =0 equal 
-to -exp -2(xn a 
fAE should be obtained. The resulting 
graphs for the two background electrolytes (0-5 M 
H2 so 
4 and 0.. 25 MH2 so 4 
/0.25 M Na 2 so 4) satisfied this 
criterion; that obtained in 0.5 MH2 so 4 
is shown in 
Fig. 8.34. The values of an 
CI-'1 
may be obtained from 
these graphs; they were 
ccn 0 .2 78 in 0 -. 5 MH2 
so 
4 ---Lnd 
an 
a 
0.289 in 0.25 MH2 SO 
4 
/0.25 M N, -: -: t 2 
so 
These values of an were then confirmed and k 
a 
determined by the procedure described in. Appendix 3b. 
This involved using the expression 
log 
1ý 
= log 
'd 
+ an a 
fE 
A18 x 
ckH2.303 T1 
8.38 
where X depends on the same variables -as L but is 
also dependent on exp -an a 
fLE. According to 
Equation 18, a graph of log L/X against E 
(the electrode 
potential) should be linear with slope equal to an a 
fl 
2.303 and when E=0.0 Vp L/X =i /c kx The graphs dT10 
obtained for the two background electrolytes are shown 
in Fig. 8.35. They are satisfactorily linear and give 
an values in good agreement with those reported above. 
The actual values of an and kH obtained were: 
a1 
H3 in an 
a=0 . 
2799 k, = 179705 (AmP cm mole 
0.5 MH2 so 
4' and 
an 0.289, kH=9,636 (Amp cm 
3 
mole- 
1 )-in 
a1 
0.25 MH2 SO 
4 
/0.25 M Na 2 
so 
The values of nFAk kk exp -an fE have also been 
calculated, using Equation A18, rearranged into 
exp -an fE =i X/c L. adT 
The values obtained are reported in Table 8.2 and plotted 
as a function of potential in Fig. 8.33. 
-m__ Evaluation of k 
This constant has again been obtained from the 
results for the 1x 10- 
4M CrVI solution. 
From Equation 8.3, when only one solution is 
involved, 
nFAk 3Xy+k2-k2 znFA k1 
8.39 
z) kR x- nFAk 23 
nFAk 
(km x Y) A 
23 1, 
-zB k' 1 
The value of kM 2 
of a number of potentia 
kH is found to be 2 
HSO )and 
24, 
(4±0.3) 
Yll 
ls 
x 
FAk 
2 was calculated at each 
using this equation. 
(3 ± 0.3) x 10- 
5 Amp (0-5 M 
10-5 (0.25 MH2 so 4 
/0.25 M Na 2 
so 
4' 
We now know values of k nFAkj, kH nFAk and 2=2 
kH= nFAk 33 
since ik (k +k 
T7A- 
k1cS+k2 
nFAk 1c(, k 2+k3c n-FA 
(k 
1cS+k2 
)nFA 
and als o 
-3. c 
d 
k1c (k K+kRc 1s2-ý3 
k1k ZE 1s 
it is therefore possible to obtain theoretical walues 
of the current due to monomer reduction and to test for 
the fit of theory to the results. 
Calculation of theoretical i values 
Rearranging Bquation 8.8 gives 
kHcxc 2 
---s 
8,8 
8.9 
8.40 
and substituting from 8.9 for cs produces 
(i' MX (i m) 
z7 
(im )' 
ccT+22dccT+ -3 c 
kcdc 
multiplying by 
i 
d/ CT and rec-arranging gives 
2 'K 2 (1 +-k3£c (2kHc im + kRi + kH + im) + k« cx (i, ý_) 
m 
3Ti3Td2dd3T CL cdcdk1id 
lcT 
H 
2 
i2 
c 
HMH+ 
im 
where G1+kHnfH 
2k 
3cT .1d 
k32i* id k2 d) 
_3-T 
+I+ 
iddk1cT 
and K2 ýw =HH 
2_ 
4GK 
+ kim 
ic 
I idd2d 2G 
The theoretical values of ic and 
I. 
C/C s 
have been cal- 
culated in 0.5 MH2 so 4 and 
0.25 MH2 SO 
4 
/0.25 M Na 2 
so 
4 
backgrounds for 10- 
2M 
and 10- 
4M CrVI solutions. The 
lines in Figs. 8.31 and 8.32 correspond to these theor- 
etical values of 
IL 
C/C 
s 
The observed and calculated values of 
I'c/c. 
vary 
with potential in a similar manner, and the agreement 
between the values is excellent, particularly in 0.25 M 
H2 so 
4 
/0.25 M Na 2 so 4' 
Serious discrepancies occur only 
in the 0.5 MH2 so 4 
8.41 
(P-) at the most negative potentials in 10- 
4M 
CrVI, where the observed current may be 
enhanced by hydrogen evolution 
(b) in 10- 
2M 
CrVI at potentials more positive 
than 0.3 V. 
The shape of the observed log 
3- 
C/C 
s 
/E curve in 
10- 
2M 
Cr in 0.5 MH2 so 
4 at potentials more positive 
than 0.3 V is worthy of comment since a bump or 
inflexion is observed. This could indicate that the 
monomers are not all reduced as one species; one 
monomer being reduced at positive potentials and its 
rate of reduction becoming diffusion limited in the 
neighbourhood of 0.5 V. As shown. by Table 1 (Appendix 
however, the ratio of the concentrations of all the 
monomers to the total concentration of CrVI, increase 
as the concentration of CrVI is decreased, whereas 
the relative size of this bump (w. r. t. the actual 
values of 
2. 
C/c s) 
decreased as the concentration of 
CrVI was decreased. The cause of this bump is there- 
fore not clear at present. 
8.8.4 Dependence of reaction rate on the com-pcsition of 
the background electrolyte 
- both As may be seen from Table 8.2 the values o. 
and kH were larger at a given potential in 0.5 M 3 
SO than in 0.25 MH SO /0.25 MH SO - kR was however 24242 4' 2 
rather smaller in the former than in the latter solution. 
Since the concentrations of a number of ions differ sig- 
nificantly between these two solutions, the cause of these 
changes- in the rate constants is not obvious. 
8.42 
In an attempt to clarify this situation, measure- 
ments were also made in solutions of 0.05 MH2 so 49 
0.45 M Na 2 so 4 and 0.025 MH2 
so 4' 0.45 M Na 2 SO 4. Only 
the Concentrations of H+ and HSO 4- alter significantly 
between these two solutions. Unfortunately, however, 
as described in Section 8.8, the results obtained 
with the more concentrated CrVI solutions in these 
background electrolytes suggested that the final 
current was partially limited by the rate of supply 
of hydrogen ions to the electrode. A complete 
analysis of these results to obtain the various rate 
constants was therefore not conducted. As shown in 
Fig. 8.36, however, the current-potential curves 
obtained using 10- 
4M CrVI in these two background 
electrolytes have essentially the same form as observed 
in the other solutions. These curves show that over 
-almost the whole potential range studied the order 
of reaction with respect to H2 SO 4 
is close to unity. 
To account for this result it must be assumed that 
hydrogen ions and/or bisulphate ions take part in each 
of the steps involved in the mechanism (1) + (2a). 
Thust assuming that the hydrogen ion is the important 
species, the mechanism becomes 
+k11 A+H+M+ ne -, M-B 
k' 
+ 2,,, M-B +H ;rM+ Products 
k 
H++ M-B + ne M-B + Products 
when the resulting rate equation is 
8.43 
ik10s 
[H+] (k 
2+k3 
nFA k10+k2 
aB required. 
Since, in spite of the increase in sulphuric acid 
concentrationp kH was rather smaller in 0.5 MH So 224 
than in 0.25 MH2 so 4 
/0.25 M Na 
2 
so 
40 
it must also be 
ooncluded that Bulphate ions are involved in'at lenot 
the second stop in the above mechanism. 
The proposed mechanism has a number of features 
in common with the mechanisms suggested (for a told 
electrode) by previous workers. Thus as is generally 
agreed it is postulated that a film is formed on the 
electrode surface as a consequence of the reduction 
reaction. This film may participate in the reaction 
1.16 
as suggested by Reinkowski and Knorr and Gerisoher 
and Kappell-15, if the third stop in the above process 
is more complex than that considered. As propoeed by 
Feigl and Knorr' . 
13,1.20 
it is probable that removal 
of this film (by the second step above) is promoted 
by both hydrogen ions and Bulphato iohs. 
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CURRENT-POTENTIAL RELATION, P. G. ELECTRODE, 1x 10-2M CrVI, IM 
HC104,1000 rpm 
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Fig. 8.4 
CURRENT-POTENTIAL RELATION, POLISHED P. G. ELECTRODE, IM HC104, 
1000 rpm, 10 mVsec-1 (negative going sweep) 
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CURRENT-POTENTIAL RELATION, POLISHED P. G. ELECTRODE, jxjo-2 M CrVI, 
IM HC104,1OOmV sec-1 
Reduction of fI Im X to Y 
Deposition of film X 
RedLICtion of film Y lo Z 
N 
0-011, . 00, 
-, NV. - --. % 4ý . 001 
/ 
Oxidjtlon of film Z to Y 
100 mV sec-1 resu Its 
Steady state results 
_- I -_ I __ 
+1.0 0.5 
Volts w. r. t. S. H. E. 
0.0 
Fig. 8.6 
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Fig. 8.7 
CURRENT-POTENTIAL RELATION, POLISHED P. G. ELECTRODE, lxlo-2M CrVI, 
IM HC104,1000 rpm, 100 mV sec-1 
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CURRENT-POTENTIAL RELATION POLISHED P. G. ELECTRODE, lxlo-2M CrVI, 
IM HC104,235 rpm, 100 mV sec"' EFFECT OF SWEEPING PROGRESSIVELY TO 
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CURRENT-POTENTIAL RELATION POLISHED P. G. ELECTRODE, 
lxlo-2M CrVI, IM HC104,1000 rpm, 100 mV sec-1 EFFECT OF SWEEPING 
PROGRESSIVELY TO MORE POSITIVE POTENTIALS 
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CURRENT-POTENTIAL RELATION, POLISHED P. G. ELECTRODE, lxlo-2M 
CrVI, IM HC104,1000 rpm, 100mV sec"l 
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CURRENT-POTENTIAL RELATION, P. G. ELECTRODE, IP1414CIO4,1000 rpm, 100 mV 
sec- 1 
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CURRENT-POTENTIAý RELATION POLISHED P. G. ELECTRODE, IM HC104, 
1000 rpm, 100 mV sec 
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CURRENT-POTENTIAL RELATION, POLISHED P. G. ELECTRODE, IM HC104, 
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CURRENT-POTENTIAL RELATION, POLISHED P. G. ELECTRODE, IM HC104, 
1000 rpm, 100 niV sec-1 
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CURRENT-POTENTIAL RELATION, POLISHED P. G. ELECTRODE, 
lxlo-2M CrVl, IM I-ICIO4,1000 rpm, 100 mV sec-1 
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CURRENT-POTENTIAL RELATION, P. G. ELECTRODE (machined), CrVI 
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CURRENT-POTENTIAL RELATION, P. G. ELECTRODE (machined) CrVl SOLUTIONS 
IN 0.05M H2SO4,0.45M Nr02SO4 1000 rpm, 100mV sec-1 
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CURRENT-POTENTIAL RELATIONSHIP, P. G. ELECTRODE (machined), 
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(A) Freshly machined electrode 
-on 
u 
CY) 
x 
40 4 
4 <O 
a 
L_ J I 
p p 'p p N 0 
IAID Wiv-OLXL- OOLXVW 
IAJO UYE: -OLXL- OLXVW juann: 3 31poqleo 
IAJ3 Wz-OLXL- VW 
CD 
6 
Lq 
0 
q 
LO 
LU 
± 
C,; 
"1-' 
4-I 
0 
> 
a 
it 
0 
V) 
N 
LO 
C; 
-0 
: F- 
0 co E 
0 
cc: 
LU 
0 
ui 
cc 
LU 
0 
ui 
cc 
1= 
D 
C-) 
ui 
C, q >- N0 
co < 
L. LJ 
C/) 
a 
N 
U 
CY) 
x 
V- 
0 
. In 
44 
0 
. 
In Is 
m 
0 
1 1 
- -. . 
1.. 
1. -. 1 (0 -: d 
CD 
cý 
C: ) 
6 
IAJO Wjý-OLXL - OOLXVW 
IAJO WE:. OLXL - OLXVW juanno 31poqleo 
WO Wz. OLXL - VW 
0 
CD 
LO 
0 
q 
LO 
uj 
+J 
Co 
2 
C%j 
U) 
Ij Z 
E 
0 
LU 
w 
w 
F- 
0 
w Gc 
ui 
Co < 
LU 
F- 
CI) 
4- 
8 
> L. 
U 
0 
x 
> 
U 
cD 
40 
EI ;4t 
L I I 
q. CC C 
(0 çj 
IAJO Wt, -OLXL - OOLXVLIY IAJO WE:. OL)(L - OLXVW wanno 31poqleo 
IAJD Wz-OLXL - VW 
p 
0 
LO 
6 
CD 
LO 
uj 
4., 
U, 
0 
> 
lqr 
0 
ci 
4 
0 
(1) 
N 
LO 
0 
ci 
:E 
0 cu E 
ui 
0 
0 
cc 
0 
F- 
-i ui 
CC 
-. i 
LU 
i- 
0 
LU 
M 
cc 
U 
LU 
F- 
cn 
00 < 
LU 
a 
50 
40 
30 
20 
10 
0 
V 
DV 
-0.2V 
-0.4V 
I 
Fig. 8.25 
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PLOT OF i/wY2, P. G. ELECTRODE (machined), jxjo-4M CrVI, OMVI H2SO4 
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ORDER OF REACTION IN 0.5M H2SO4, P. G. ELECTRODE (MACHINED) 
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GRAPH TO OBTAIN ki AND cc, 0.5M IA9SOA 
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DETERMINATION OF k, AND cc 
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POTENTIAL DEPENDENCE OF RATE OF REDUCTION OF CrVI ON P. G. ELECTRODE 
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t-. FFENDIX 2 
Derivation of the rate equations 
The mechanisms considered are; 
kI 2. A+M+ne M-B IM+ Products 
f ollowed -., -)y 
k- 7 
either A+ M-B + ne --ý M-B + Products 
k 4, 
or A+ M-B + no #M+ Products 
Since the reduction of CrVI to CrIII involves three 
(1) 
(2a) 
(2b) 
. 
electrons, and it is unlikely that they will all be trans- 
forred in a single step, the detailed rriechrunism is likely 
to be more complex than those shown above. It is also 
possible that the values of n may differ in the three 
b processes shown above; any such differences can however 
be incorporated in the rate constants. 
If the fraction of the electrode surface covered by 
B is 9, the theoretical rate equations may be derived as 
below. 
1) For mechanism (1) + (2a) 
The rate of reducing monomers (mole s- 
1) 
is 
-dN Ake (1-9)+Akc 9, 
dt 1s3s 
where Y1. is the area of the electrode 
(cm 2 )P lfý: 
1 and 
k3 
are potential dependent rate constants 
(cm s- 
1) 
and cs 
is the concentnation of reducible species at the elec- 
trode surface (mole cm- 
3). Consequently the current 
for monomer reduction 
(i c/Amp) is given by 
ii 
i -nF 
dN 
nFAk c(1- 9) + nFAk c9 Z'I. dt 1s3sý 
I 
where -ri 
is the number of electrons involved in each 
of the steps and F the Faraday constant. 
The rate of formation of adsorbed molecules of 
B (mole s- 
1) 
is 
driB 
(1 g) Ak'n Ldt - Ak 1cs2B 
L 
where nB is the number of molecules of B adsorbed on 
unit area of the electrode surface and L the Iývogadro 
constant; k has units of s- 
1. 
2 
. nn 
dnB LAk cs (1 Ak n 
Hence -I& --12B A4 dt nt dt ntnt 
where nt is the total number of molecules of B which 
could be adsorbed on unit area of the electrode surface. 
Since nB/nt = 9, and in the steady-state dg/dt = 0, 
substitution of these values into equation A4 and 
rearranging gives 
Q=k1 
ck 
I 
where kktn /L and has units of molO S-1 CM- 
2 
22t 
Substituting for 9 in equation A3 from equation A5 
gives 
ck1cs 
(k 
2+k3c 
rLFA k1c+k2 
The procoss will therefore become first-order whcn 
A5 
A6 
k // kc and (/\ k cs. Under these conditions we obtain 2\k1S3 
iii 
i 
kc 
nFA 3 r- 
From equation A5 it follows that for 9 to be large 
k1Cs must be much larger than k 2* 
This is likely to 
apply at negative potentials (since k1 will increase 
but k2 remain constant as the potential is made more 
negative) or at high concentrations. Similarly for 
9 to be small, k1cs must be much smaller than k2. 
This is likely at positive potentials and in dilute 
solut--'-ons. As 9 -4 1, equation Z shows that 
iC ---4 nFAk 3cs while as 
9 0, ic nFAk 1 cs. 
2) For mechanism (1. ) + (2b) 
An analogous treatment to that given above gives 
i 
0=kc 9) +kc 
nFA 1s4s 
and 
dQ kkkc 
dt 2 
a 
Consequently 
cs 
ck2kc 
and 
k1ck2+ 2k 
4c 
nFA kc+k2+k4c 
A7 
A8 
A9 
APPENDIX 
Method used to obtain k 
3(a) Initially is determined in nFAk 1= 
kH exp -afF. where fF then kM is obtained. RT 1 
We start with equation A6, i. e. 
ickcs (k 
2+k3c A6 
rFA k1c+k2 
which on rearrangement gives 
k nF Ak ck02 nFA 22s3s A10 
+ icic 
As shown previously 
Cr I c 
where im (= i- IL 
d) 
is the diffusion limited value ddd 
of the current for monomer reduction, 
i is the total diffusion limited current, 
d 
and CT is the total CrVI concentration in the 
bulk of the solution. 
Substituting for c in equation A10 giv-es 
s 
.mik 
(2'd 
id 
nFA. k 3- 
m 
2(*d 
icid 
CT 
nFAk 
m)2 
+ 
3( 
*d 
ccT2 
2 
cd 
Multiplying by 
Id and rearranging gives 
cT 
ii 
iI. Lm nF. Ak cim)2 
nFAk 
d+1 d) 
-3Tdc- (im 2 
(nFAk 
1cTiid-id 
mm 
nFAk 3c 
(i 
dd 
c 
(k ix c 3s 
c 
= All 
Knowing k 
3' a can 
be evaluated at each potential. 
If at a potential E1 the values of a and i are a 
and i1 while at (E 1- 
AE) they are a2 and i2, and at 
(E 2AE) they are a3 and i 3' then the corresponding 
forms of equation All become 
m 
nFAk 
d+1a 
A12 2ckH 
exp-ocn FE 
1 
T1a1 
i 3. 
m 
nFAk 
d+1-da 
2ckH 
exp-cxn f (E - AE) 22 T1a1 
i .1m 
nFAk 2d+da 
cTk1 exp-an a 
f(E 1- 2AE) 
3 
Dividing A12 by A13, eliminates nFAk 2 and on multiplying 
out gives 
aiaim 2d2d 
a2+-Hi- 
cTk1 exp-an fE 1 
Fa 1 3- d 
kH exp-ccn f(E -AE) T1a1 
- 
a11 
12 
A13 
Al 
iii 
Rearranging gives 
+ im (al _ 
a2 
-a --: 
ý (a expan f (E AE) 2d2k FE 
T 
a2 expan fE 
Similarly, dividing A12 by A149 multiplying out and 
rearranging gives 
+ im 11 d (a 3 expan a 
f(E 1- 2LE) 
T1 
-a3 expan fE 1 A16 
Dividing A15 by A16 eliminates k and exp = fElp 
a 
to give 
a2 
) 
a3 
) 
a exp-an f AE-a 2 
a exp-2an f, ýE-a 
*m (a, 
a 2) 
a exp-2ayl fAE [(a a+ IL 1a2-di2 
aa+aaamaa 
2) 
3233d OL 2 
a a, 
a exp-an fAE [(a a im (1- -) )l 1a3di3i1 
aaaaaima 
3) 
322di1 
Dividing by a1 and rearranging gives 
iv 
p ýl a2)] 
+ (a exp-2an fAE [(a -a+i(--a a2di2i132 
im (a2 _ 
P-3) 
di3i2 
m (a, 
a 
exp-an fAE [(a -a+i-- a3di3 
i. e. L exp-2an 
a 
f, ýE +MN exp-an 
a 
fAE 
)+ im (a, 2)] where L [(a a 2di2i1 
m (a 2 [(a 
3-a2+di3 
a 3) [(a 
exp-2ocn fAE +m= (exp-an fAE )N A17 
aLaL 
Thus values of and 
L' 
can be obtained corresponding EL 
to different values of E 10 
A graph of 
m 
against 
H 
should have slope = exp-an fAE LLa 
and intercept (when 0) = -exp-2an fa La 
(b) The value of oc may now be confirmed and k7 
determined by the following procedure. 
Equation A15 may be rewritten as 
(a 
-a+ i' 
(a, 
_ 
a2 d 
__ expan 
fE (a exp-an f AE-a 2di2i1k 2M a2 
T1 
i. e. LdH=., pan a 
fE (a 1 exp - an a 
f, ýE-a 
2) 
cTk1 
V 
log 
L 
log d (a 
1 exp - an a 
£AE-a 
2ck2.303 
T1 
log 
L= 
log 
id+- 
CcfE 
xckA2.303 
T1 
18 
0L 
,.. a graph of log 5E aga3. nst E should be linear with 
slope 
af- 
and when E=0.0 V$ 
!ý=-d 
2.303 xck 
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